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WHEN INTERRUPTING SMALL 
CURRENTS IN 


The interruption of small inductive and capacitive cur- 
rents gives rise to voltage surges of low to medium frequency. 

Though these are usually well below the insulation level for 
_ the installation, they may equal it in very rare cases. But 
sometimes restriking occurs, in which case the voltage ampli- 
tudes, disregarding damped transients, are of the same order 
of magnitude as the medium-frequency surges. The total 
change in voltage during a restrike is divided between the 


ratio of their surge impedance or other characteristic im- 
pedance. The rate at which the voltage collapses during re- 


} 
two parts of the system on either side of the breaker, in the 
striking is always less than that of a standard 1/50 impulse. 


UALITATIVELY the phenomena occurring 
when small inductive or capacitive currents are 
lwitched in high-voltage circuits are for the most 
bart well known.! For example, it has been firmly 
sstablished that restriking during the interruption of 
i current may possibly cause the voltage 
© swing violently upwards. Likewise, the compli- 
ated voltage transient produced by disconnecting 
. transformer at no-load is also well known. This 


oltage increases with a medium frequency as the 


sreaker contacts open, but collapses when a restrike 
kes place and, after this sequence has been repeated 


veral times, decays at a damped medium frequency 


1 See bibliography on page 224. 
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to the recovery voltage (at the service frequency). 
Moreover, restriking in particular and its effects on 
the elements of the system have not been fully in- 
vestigated before. The object of the present article 
is to analyse qualitatively and as quantitatively as 
possible the shapes of the voltage wave when mak- 
ing or breaking small inductive and capacitive cur- 
rents. It should then be possible to assess the voltage 
stress on the various elements of the system, above 
all transformers, and to determine the admissible 
overvoltages produced by switching, and what test 
voltages are necessary for the particular element to 


be adequately tested. 


Analysis of the Voltage Wave 


A, General Description of the Transient Recovery Voltage 
when Interrupting Single-Phase Circuits 


1. Transformers at No-Load or with Inductive Load ® 


Remarks will be confined to establishing a number 
of important and, in some cases, new facts. Fig. | 


shows the single-pole diagram of the circuit. 


2 See [1-6, 8, 19, 20] of the bibliography. 
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Fig. 1. — Single-pole diagram of an inductive circuit 


L,, L, = Inductances of the live and disconnected systems 
C,, C, = Capacitances of the live and disconnected systems (trans- 
former) 
For transformers insert 1/3 of the phase capacitance 
/=Inductance of the line between live side and trans- 
former to be disconnected 
S' = Circuit-breaker 
Uy, = Driving service-frequency voltage 
u, = Voltage to earth of live breaker terminal 
u, = Voltage to earth of disconnected breaker terminal 
U, =U, —U, = Voltage between breaker contacts 


If, on interrupting the circuit, the current is 
chopped at the momentary value 2,, the circuits 
(L,, C,) and (L,, C,) oscillate independently, pro- 
vided the breaker does not have a resistor in parallel 
with the break. If restriking does not occur in the 
breaker, the overvoltages to earth on either side of 


the breaker can be estimated as follows: 


The disconnected part (L,, C,) contains the energy 
ih 


C. 
“2 2 2 “2 5 - 
ta + u, ik (for notation see Fig. 2). In the assumed 
undamped resonant circuit this energy has com- 


pletely changed to the capacitive energy w},,. = by 


the time the maximum voltage w,,,,, is attained. 
From this we can deduce the theoretical maximum 
overvoltage between the breaker terminal and earth. 


On the disconnected side it amounts to 


2 Ly “2 
Us max — Ug a CG = 1a 
42 


Analogously, the maximum voltage between breaker 


(1) 


terminal and earth on the live side is 


~2 7 = 
2 be 
Uy max = |/x ap C 4, 
1 


The transient voltage on the live side decays with 


(2) 


a damped oscillation to the service-frequency input 


voltage u,; that on the disconnected side to zero. 


The gap between the breaker contacts experiences 
the difference between these two voltages. In most 
CASES Uy,» IS greater than u,,,,, and it is quite suf- 


ficient to consider ug,,,, alone, and use the approxi- 


cape 
Us max ~ %a GC 
2 


In infinitely powerful systems, where VLG is very 


mate value 


(3) 


small indeed, no overvoltage is experienced on the 


live side in such cases, in contrast to ““weak”’ systems 


| 
aS ee . . 
in which, for example, the power is supplied by a 


single transformer of low rating and capacitance 
over a short transmission line. Numerical values of 
typical tests are contained in Table I, e.g. under the 
headings Stadsforsen and Rothenbrunnen. The shape 
of the three voltage waves u,, uv, and u, is depicted 
in Fig. 2. The initial rate of change of the voltage, 


after the current was chopped, is 


on the disconnected side and 


du 0 F : 
( y = — on the live side. 
dt / =o Cy 
Moreover it is established that the voltage across 
the breaker and the voltage at the transformer ter- 


minals differ by the system voltage w,, i.e. 


uy = Us, Uy, 


In practice the extreme values given by equations 
(1) and (2) are seldom attained because the gap 
between the opening breaker contacts limits the 
voltage. The result is repeated restriking. Fig. 3 
shows a characteristic trace of the restriking voltage 
between the breaker contacts. 

The voltages u, to us rising with the medium 
frequency, provided they were not interrupted by 
the restrikes R, — Rs, would decay at the same natural 
frequencies, or at the same frequency as the damped 


oscillation u,. In Fig. 1 these natural frequencies are 


1 
———— 
ee 1 

ae Ever 


In h.v. systems the above frequencies f, and /9 
vary roughly between 200 and 5000 c/s, the fre- 
quency /, being, if anything, nearer the lower limit. 
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Fig. 2. — Interruption of a low inductive current without 
restriking. Curves of voltage and current 


i= Current 
i, = Chopping current 
u, = Voltage to earth of live side 
U, = Voltage to earth of disconnected side 
u; = Voltage between breaker contacts 
6 Se, f3 = Natural frequencies 
U, = Momentary value of service-frequency voltage when 
the current breaks 
t= Time 


When the arc restrikes across the breaker, the 
capacitances C, and C, mutually discharge through 
lengths of line of inductance /, practically no current 
flowing in LZ, and Ly. Since / is frequently small, 
=.2. of the order of magnitude of 10-° to 10-* H, 
this discharge usually takes place in the form of a 


amped high-frequency oscillation like the one 
hown in Fig. 3. The prevailing natural frequency 


is then given by 


1 
} = = 
: fa CC (5) 
2x eres 
C1, +C, 


d its value may be, for example, 100 kc/s. Further 
ical voltage waves are illustrated in Fig. 9, 10 


114926-) 


R,R; R, 
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Fig. 3. — Characteristic breaker voltage when interrupting a low 
inductive current 


uq—us = Medium-frequency voltage increases 
A,—Aj = Voltage peaks immediately before restriking. These 
points determine the voltage characteristic of the 
breaker 
Ra-R5 = Restrikes 
uz = Damped medium-frequency oscillation 
u; = Voltage between breaker contacts 
t= Time 


and 11. Thus, when a low inductive current is inter- 
rupted, the voltage may take three possible wave- 
forms in a wide variety of combinations, namely 
medium-frequency rise, restrikes and medium-fre- 
quency decay damped after a few periods. Special 
attention will be devoted to restriking in part 3 of 
this chapter. 

To calculate the medium frequencies f, and /f, 
larger values should be substituted for the trans- 
former capacitances C, and C, than for the high- 
frequency oscillation f;. Supposing Cf and C} 
are the transformer capacitances per phase to earth, 
then, in accordance with well-known considerations, 
the capacitances governing the medium-frequency 
oscillations amount to one-third of Cf and Cj; 
i.e. C, = Cy/3, and C, = C3/3. With a 100-MVA 
transformer, for instance, Cf can be about 10-8 F, 
therefore C, is of the order of 3x 10-9 F. On the 
other hand, with a rapid rate of change of the volt- 
age (f;), the input capacitance of the transformer 
winding must be taken into account. In the above 
example this is of the order of 8 x 10-! F, 

Numerous measurements from testing stations and 
h.v. systems are available to show the magnitude of 
the overvoltages [1, 3-6, 19, 20]. But so far nobody 
has yet succeeded in establishing simple laws or 
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Overvoltages when transformers are disconnected at no-load 


System data Breaker Transformers disconnected 
I 
Sastem Neutral With ig Short- ee Break- Boe ee 5 
a thi line on quem"! circuit shi Parallel ing 3 Shunt ance Ratio |? 
ace Carine | ao. cy __ lvoltage| Type : spall Sates Z 
(Country) : live side power resistor |capacity reactors volt 
bs (length) c/s age 
(Hz) | MVA | kV MVA |MVA ein% | kV/kV 
ATEL? a.s.c. 50 |750/200} 150 DCF 2500 | 23-3 : 10 167/ 
Bottmingen 45...56 
(Switzerland) 
DCVF | non- 3500 
linear 
KglV solid no 50 110 | 220 | DCVF | non- 5000 60 3x9:8kV |21-4 for} 9:8/ 
Stadsforsen linear 9-8/ | 132/220 
220kV 
(Sweden) (72 km) 
a.s.c. no | 
yes 
(72 km) 
solid no 1x 9-8kV 
10 MVA 
yes 
(72 km) 
a.s.Cc. no 
yes 
(72 km) 
un- no 
earthed 
yes 
(72 km) 
Asics no Transformer 
alone 
yes 
(72 km) 
un- no 
earthed 
yes 
(72 km) 
EVS spark yes 50 110 | DCVF | non- 2500 | 100 fed from 10-5/ 
Wendlingen | 8@P with| (35 km) linear regulating 110/220 
(Germany) resistor transformer 
uf 110 kV 
22% 
PE solid yes 50 220 | DCVF | non- 5000 | 100 220/ 
Lehrte (176 km) linear 110/10 
1x10 kV 
(Germany ) MIVA | 


1 For full names see end of Table III on page 212. 
2 A.S.C. = are suppression coil. 


tr a 


tions Overvoltages 
Mean Maximum Body 
overvoltage factor overvoltage factor respon- 
a sible for 
im Live | Transformer | ,j,. | Transformer peer) 
side . side : 
prim. | sec. prim. | sec. 
-co—0 2-00 | 2-10 2:90 | 2-95 | FKH! 
0-3s—0 3-50 | 3-65 4-30 | 4-50 
-co-0 1-30 | 1-30 1:90 | 2-00 
-5s—0 1-30 | 1-50 2:43 | 2-44 
0-3 s—O 1-75 | 1-85 3-42 | 3-75 
-co-0 | 1-40 | 1-60 1-70 | 2-00 EdF 
1-40 | 1-85 1-60 | 2-60 
1-75 | 1-65 2:30 | 2-00 
1-00 | 2-10 1-00 | 2-60 
1-30 | 2-10 2:10 | 2-80 
1-05 | 2-50 1-05 | 4-50 
1-25 | 2-00 1-70 | 2-50 
1-05 | 2-90 1:05 | 4-30 
1-85 | 3-20 3-30 | 4-50 
1-65 | 3-20 2:60 | 3-80 
1-00 | 1-00 1-00 | 1-00 
1-00 | 1-00 1-00 | 1-00 
1-00 | 1-00 1-00 | 1-00 
1-00 | 1-00 1-00 | 1-00 
-co—0 1-25 | 1-25 1-70 | 1-55 | StGH 
1-42 | 1-42 2-51 | 1-68 
1-73 | 1-94 257 | 2-47 


min. 
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Graphical representation of 
overvoltage factor Circuit 
ith, 1 on 
ala max. S Test breaker 
: 4 K = Shunt reactor 
G = Generator 
sec. 4——___+—______ A 1 
T = Transformer 
150kV 44 
Ss 7 S0kV 


116565 | 


f 116566 | 


ures in the arrowed column indicate sparkover once or twice by lightning arresters. 


5 


200 


TABLE I (cont.) 


Overvoltages when transformers are disconnected at no-load 


System data Breaker ‘ 
System Neutral | With | Fre- sie Rated Pe ae Rat- ns 
Place carne ae a ee an voltage" Lype teks eae ing nS 
(Country) . ive side ons 2 
(length) c/s 
(Hz) | MVA | kV MVA |MVA 
RWE! solid 50 2000 220 | DHVF non- 8000 | 660 | 
Rommers- linear 
kirchen ft ie a 
(Germany) 2X 30 kV 
50 MVA 
3x 30 kV 
50 MVA 
3x 30 kV 
50 MVA 
+340 km 
line with 
transf. at 
far end 
RWE solid 50 4000 | 220 |DHVF| non- 8000 | 660 
Hoheneck linear (S40 ee 
x 
(Germany) 50 MVA 
2x30 kV 
50 MVA 
KglV solid 50 380 | DCVF | non- 8000 | 3x 
Harspranget linear 115 eyes 
x 
(Sweden) 40 MVA 
2x16kV 
40 MVA 
BW solid 50 220 | DCVF | non- 6000 100 
Aschaffenburg linear 
un- 
(Germany) earthed 
KZ solid 50 220 | DCVF | non- 5000 125 | with cables 
Rothen- linear 
brunnen 
(Switzerland) 
without cables 
150 | DCVF | non- 4500 with cables 
linear 


CP sIsHOs 


arc suppression coil. 


1 For full names see end of Table III on page 212. 


Transformers disconnected 


Im- 
ped- 
ance 
volt- 

age 

ein% 


.|Sery 
Ratio voll 
kV/kV | k\ 
220/ 24 
380/30 

24 
23 
23 
24 
23 
220/ 23 
380/30 
pe 
23 

16 / 43 
370 
pee 40 
/3 

39 
220/ 24 
110/20 
220/ 29 
150/14 

19) 

22: 
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Overvoltages Graphical representation of 


overvoltage factor Circuit 


Is-O} 1-03 | 1-53 | 1-62 | 1-3 2:20 | 2:5 


-0 | 1-01 1-28 = 1-1 1:7 — 


116573-1 


Is-O| — 1-30 | 1-28 _— 1-95 | 1-9 


Mean Maximum Body ora 
overvoltage factor overvoltage factor | TSpon- i ee max. S= Test breaker 
lence | i sible for prim, @——+———e K=Shunt reactor 
Pie Transformer Tee Transformer |Measure- ae G = Generator 
side ; side : T = Transformer 
prim. | sec. prim. | sec. live side. ¢—_+———_4 
et Re Tee ae ee 
0-0 LO che £0 10 | 10 | StGH 
1-5 1-4 1-7 1-5 
1-3 1-3 1-4 1-4 
1-2 1-1 1-4 1-3 
1-1 1-1 1-3 1-2 
0. | 1-0 roa C0 
i 
0-0 10 | 10 fon) Lo | stGH t 
—- | - 19 | 1-9 = 
os eee ioe L6G oa + 
116570-1 
¢ g 
-0 1-10 1-37 1-10 1-70 KglV K 
| 1-28 | 1-50 1:30 | 1-60 nl ra ae Tr 
K 
1-45 | 1-23 1-50 | 1-30 to 
1165711 
A 
o-0 1-07 1-47 — 1-3 2-1 — StGH o If 
Peersp dee. tse | (2-0 +|) — eae 4-4 
116572-1 
po—0) 1-0 1-22 1-22 1-0 1-5 1-5 FKH 
1-0 1-18 1-24 1-1 1-5 1-8 
220 kV 


Transformers disconnected 


202 TABLE I (cont.) 
Overvoltages when transformers are disconnected at no-load 
System data Breaker 
Fre itor 
With ~ | Short- Break- ped- 
System Neutral line on peas circuit ee T Parallel| ing sak Shunt ance 
Place earthing live side y power veEsee YP© | resistor capacity aS reactors volt- 
(Country) 2 (length) | c/s age 
(Hz) | MVA| kV MVA |MVA ein % 
PE} un- yes 50 110 | DCVF | non- 4000 | 100 
Bierde earthed |(107 km) linear 
1x 10kV 
(Germany ) 8MVA 
GBBM solid 50 220 | DCVF | non- | 5000 | 100 
Mettlen linear 
(Switzerland) 
SBB single- 162/, 150 |DC(V)F} non- | 1500 | 13-8 
Vernayaz phase, linear 
(Switzerland) mid- third reactor 
point with generator 
earthed 3000 kw 
with cos y = 0:8 
13200 Q 
without third reactor 
resistor at no-load 
80 | DC(V)F| non- 750 
linear 
without 
resistor 
non- third reactor 
linear with generator 
3000 kW 
cos ~ =0°8 
EdF single- 50 250 | DCSF | non- | 5000 23 | third reactor 
Fontenay pole test linear loaded with 
(France) auto-transf. 
one side 
solidly 
earthed 
1 For full names see end of Table III on p. 212. 
2 A.S.C. = arc suppression coil. 
2 a 


Ratio 
VO 


kV/kV 


10] 
110/220 


150/220 


15/ 
66/132 
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Overvoltages Graphical representation of 
Mean Fee Boy overvoltage caachied Circuit 
overvoltage factor overvoltage factor respon- min. aes ae S=Test breaker 
nce ae a Se = ee K =Shunt reactor 
Five Transformer Tice Transformer ey mn G =Generator 
side E side ‘ i ql T = Transformer 
prim. | sec. prim. | sec. live side ¢———__+—___4 
0 I 23 3 4 5 
coo-0 | 1-1 1-6 _- 1-5 2-1 -- StGH 
1-5 2-9 —- 2-1 3-7 -- 9 
10 kV 
co-0 | 1-0 1:08 | 1:05 | 1-0 1-3 1-4 FKH 
1-0 1-29 | 1-29 | 1-0 1-5 1-6 
1-0 1-09 | 1-15 | 1-0 1-3 ihe PPT PN Rd 2D A Ke a Feu ecg (a ame | | 
.1s-0 | 1-0 1:05 | 1-04 | 1-0 1-5 1-5 § sy 
0 | 1-0 1-23 1-20 | 1-0 1-5 1-6 ox ere 
y 150 kV “7220 kV Cy 4 
: 10 | 1-18 | 1:14] 10 | 14 | 1-6 + 
' 116575: 150 kV 
1-0 1-17 1-19 | 1-0 1-4 1-5 
1-01 1-14 | 1-11 1-1 1-4 1-3 
/ 
co-0 2:17 | 2-24 3-1 3-0 BB 
1-33 | 1-18 2 1-64 
| 66 kV 7 132kV 
1-84 | 2.4 | 3-28 | 3-45 aimed cant 
116576-1 
| 
PERS) pei | 33a Keay) (E354 | 
G 
21 | 21 3-6 | 3-23 3 3000 kW 
| cos? =0,8 
| 2 
1-9 1-4 | 2-6 1-63 
=a 
1-22 1-13 P2506 eZ EdF % 7 ess 
2:12 | 2-14 2:5 2-6 
Soe wie 217, Deo eto L 
116577 | 
2:70 4 2-70 


es in the arrowed column indicate sparkover once or twice by lightning arresters, 
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Fig. 4. — Measured overvoltages as a function of the moment of 
contact separation relative to the phase angle of the current 


Interruption of 14 A (purely inductive) at 8 kV, by an airblast 
circuit-breaker 
~ = Phase angle of service-frequency current at moment of 
contact separation 


k = Maximum oyvervoltage factor per interruption (each point 
represents one measurement) 


i = Service-frequency current 


even accurate data for calculation, from which the 
overvoltage could be reliably predicted. One certain 
fact is that the overvoltages are on the one hand 
limited by the electric strength of the break (volt- 
age characteristic) and, on the other, that on the 
live side they cannot be higher than given by for- 
mula (2), or on the disconnected side higher than 
given by formula (1), i.e. they are limited by the 
system. Nevertheless, the many practical measure- 
ments indicate that the overvoltages are in most 
cases insignificant. Roughly 90% of all overvoltage 
factors are below 2:5. Table I shows the results of 
numerous tests performed in power systems with 
Brown Boveri airblast circuit-breakers. Factors of 3 
or more are extremely rare, either because no higher 
values were possible due to system parameters, i.e. 
because, for example, i,\/Z,/C, in equation (1) was 
small; or, on account of the wide diversity of the 
overvoltages in a particular installation, higher 
values only occurred exceptionally. 

As a matter of fact, the diversity of the over- 
voltages and their actual magnitude could possibly 
be restricted still further. In Fig. 4 the surges caused 
by an airblast breaker are plotted in relation to 
the moment of contact separation relative to the 


phase angle of the interrupted sinusoidal current. 


When separation took place at the peak of the 
current wave, or slightly before, the overvoltage was 
small. Practical evaluation of this result is, however, | 
rather difficult because, firstly, each pole of a triple- 
pole breaker had to be tripped with a synchronous 
control unit of its own. Secondly, the current of a~ 
transformer is distorted and, for instance, when — 
interrupted shortly after making, does not follow 
normal laws. Moreover, the nature of the distortion is — 
different for every voltage step. Therefore, with a syn- 
chronous tripping device it is practically impossible 
to strike the most favourable moment exactly every 
time. 

A detailed account of current chopping and the 
mathematical connection with overvoltages has al- 
ready appeared elsewhere [8]. The current can be — 


chopped in inductive, capacitive and even purely 


ohmic circuits. Whether chopping will take place, 


and the magnitude of the current at which it is — 
chopped, depend on the system conditions and the | 
circuit-breaker. Up to now the currents measured : 
have had a peak value of 20 A at the most for a | 
single chamber of an airblast breaker. With a resist-— 
ance of, say, 1000 Q in series with the breaker it 

has been possible to eliminate chopping and the 


accompanying overvoltages. 


2. Lines or Cables at No-Load, and Capacitor Banks 


The simplest diagrams of the circuits concerned 
are shown in Fig. 5. 

The phenomena produced by interrupting lines 
or cables at no-load are very similar to those ex- 
perienced when capacitor banks are disconnected. 
The current and voltage curves are reproduced in 
Fig. 6, in which ‘a’ depicts an interruption with- 
out restriking, ‘b’ with restriking, and ‘c’ without 
restriking but with current chopping. 

With perhaps the exception of ‘c’ these phenomena 
are all well known. If, as in ‘c’ for instance, the 
current is chopped before it reaches its natural zero, 
the voltage on the disconnected side does not remain 
at the service-frequency peak value, but at a lower 
momentary value u, of the driving voltage. In an 
infinitely powerful system, the voltage u, — u, across 
the breaker is less than in the classical case. But if 
the supply system is not so powerful, the chopping 


i 
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Fig. 5. — Single-pole circuits for line-dropping (a) and capacitor 
switching (b) 


Uy, = System voltage 
Uy, Ug, U, = Voltages as in Fig. | 
L,, G, = Inductance and capacitance of supply system 

S = Circuit-breaker 

Z = Line or cable at no-load 

C= Capacitance of capacitor 

l= Inductance of line between live side and element to 

be disconnected 


current 7, creates an oscillation with an over-volt- 
age, whose value may theoretically be that given 
by (2), i.e. the voltage u, across the breaker can rise 
to the value 


wan tu th: \art 2 a (6) 


a 77/1 
Cy BROWN BOVERI b 114931°1 


a 
0 
al 


0 


Uu 
Ug 
0 
SS ee, 0 


Us=U—Ug 


a: Without restriking b: With restriking c: With current chopping 


Fig. 6. — Interruption of a capacitive current (line or cable at no-load; capacitor bank )—Curves of voltage and current 


i= Current U, = Voltage to earth on disconnected side 
ig = Chopping current u, = Voltage between breaker terminals 
U, = System voltage = uy cos wt A, = Damping coefficient < 1 
uy = Voltage to earth on live side t= Time 


For other notation, see formula (2) on page 196 


<a , 
1=Un 0 Ses _—— Ua 
0 
—> I i ay 
0 ~ ur 
——» f 
t 
u 


0 —_— 
0 ; i y : 
| un V2 
BROWN BOVERI BE 
0 S 
Us = Uy - Uz AiVulat 2 ta 


BROWN BOVERI 114932°1 BROWN BOVERI 114933+1 114934+1 
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System data 


TABLE II 


Breaker 


Overvoltages during line-dropping tests in h.v. systems 


System 
Place 
(Country) 


BPA? 
Coulee Dam 
(USA) 


KglV 
Stadsforsen 
(Sweden) 


Fre- 
Neutral quency 
earthing 
2 c/s 


solid 


(Hz) 


60 


cate Rated ee Poa 
circul aralle 

lt 3 
power hiapemds pba resistor |Capacity 
MVA kV MVA 


6800 220 | DCVF | non-linear 


non-linear 


PE 
Lehrte 
(Germany) 


RWE 
Rommers- 
kirchen 
(Germany) 


KglV 
Harspranget 
(Sweden) 


asi 
unearthed 


a.s.C. 


solid 


50 


1 For full names see end of Table III on page 212. 
2 A.S.C. = are suppression coil. 


non-linear 


2000 380 


non-linear 


6000 


380 | DCVF 


non-linear 


6000 


Feeding 
transformers 


12000 


8000 


50 MVA 
9-8/230 kV 


oo 
55 MVA 
9-8/230 kV 


100 MVA 
10/110/220 kV 


660 MVA 
auto- 
transformer 
220/380/30 kV 


3x 115 MVA 
16/380 
\5 
with 
shunt reactors 
16kV...40MVA 


Line at no-load 


Service Length 
voltage 


kV 


km 


235/\/3 160 


415 


300 476 324 
410 450 
490 524 


++ induc- 


tive load 


Overvoltages 


Live 
side 


1-00 
1-90 
1-40 
1-30 
1-20 
1-10 1-60 
1-20 2-00 
1-20 2-00 
1-0 1-1 
1-0 1-9 
1-1 1-9 


1-1 1-2 

1-20 1-10 
1-24 1-10 
1-20 1-20 
1-20 1-10 
1-30 1-10 
1-20 1-10 
1-10 1-20 
1-03 1-20 


Maximum 
overvoltage factor 


Line 
side 


1-00 


1-10 


Body 
responsible 
for 
measurement 


StGH 


KglV 
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Graphical representation of 
overvoltage factor 


arith. 
mean 


min. max, 


line side 4—————___+——_& 


live side @——____+—______ 


0 | 2 3 4 


S=Test breaker 


Circuit 


K=Shunt reactor 


G =Generator 


T = Transformer 


¥ 


4|/-~e 


Fak 


116579 1 


116580+1 


———— = = = 


116581-1 


116582-1 


208 TABLE II (cont.) 


Overvoltages during line-dropping tests in h.v. systems 


System data Breaker Line at no-load 


Fre- | Short- Break- Feeding : No 
System Neutral ead Rated ; trans Service 
Place earthing quency ee voltage| Type ae 5 ee ransformers ieee Length = d 
(Country) 2 c/s nee saris | ‘ 7 
(Hz) | MVA kV MVA kV km A 
BW 1 solid 50 220 | DCVF | non-linear | 6000 100 MVA 230 52 20.3 
Aschaffenburg 
(Germany) unearthed 220/110/20 kV 
solid 245 132 55. 
unearthed 232 
solid 23600 192 78 
unearthed 239 
solid 238 250 114 
unearthed 237 
KZ solid 50 150 | DCVF | non-linear | 4500 16-5 MVA 134 90 20 
Rothen- 10/156-6 kV 
brunnen 162 24 
(Switzerland) System 150 kV 151 26 
16-5 MVA 135 14 3:3 
10/156-6 kV 
164 4-1 
System 150 kV 150 4.2 
PE a.s.c. 50 110 | DCVF | non-linear | 4000 | 2 x 100 MVA eh! 107 21.9 
Bierde 10/110/220 kV 
unearthed 1 x 100 MVA 
iecmnauy) 10/110/220 kV 
a.s.c. 
GBBM solid 50 220 | DCVF | non-linear | 5000 100 MVA 219 105 65 
Mettlen 150/220 kV 
(Switzerland) 249 66 
227 59 
MK solid 50 220 | DCVF | non-linear | 5000 64 MVA 220 54 20 
Avegno 
(Switzerland) 250 24 
218 160 5F 
253 66 


1 For full names see end of Table III on page 212. 
2 A.S.C. = are suppression coil. 
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Graphical representation of 
overvoltage factor 


Overvoltages Circuit 


— : Body at arith, mare S=Test breaker 
ean Maximum responsible Ea K =Shunt reactor 
age factor overvoltage factor for Peed G =Generator 

measurement ine side —_____+———_a 


T=Transformer 


Line Live Line 
side side side 


hyvesiden@———————— tt 


all values less than 1-5 
all values less than 1-5 


all values less than 1-5 


1-0 1-7 1-0 fe 20 kV 

Ll 1:5 1-2 es kV S Wa 
1-1 1-7 1-3 

1:0 1-5 1-0 


all values less than 1-5 


1-04 1-95 1-2 FKH 
1-05 1-80 1-2 
1-01 1-0 1-1 
1-04 1-5 1-3 
1-02 1-2 1-2 
1-03 1-0 1-2 


1165841 


| T 
1-0 1-0 1-0 StGH aerak 
1-0 1-2 1-0 vise 
1-0 1-3 1-0 - hy aS 116585:1 


1-0 1-2 1-0 FKH - 
150 220 EV cee en 
1-03 1-3 1-2 kV 116586+1 
es 
1-04 1-0 1-2 


210 TABLE II (cont.) 
Overvoltages during line-dropping tests in h.v. systems 
System data Breaker 
; Bis | jl ae wy ‘ Feeding 
System Neutral EIS: epee Rated a transformers 
: quency) circuit Parallel ing 
Place earthing voltage| Type : : 
(Country) c/s power | resistor [Capacity 
A 2 
(Hz) | MVA kV MVA 
EdF 1 single-pole| 50 250 | DCSF | non-linear | 5000 23 MVA 
Fontenay test ; 10% (66 /231 LV 
(France) one side ; 3/ 3 
solidly y y 
earthed 
BEWAG solid 50 110 | DCVF | non-linear | 2500 | 40 MVA 
Reuter 10/110 kV 
(Germany) unearthed 
IV unearthed| 50 220 | DCVF | non-linear; 5000 64 MVA 
Petajavesi , 10/110/220 kV 
(inland) 110 | DCVF | non-linear | 2500 
EdF solid 50 220 | DCSF | non-linear} 5000 55 MVA 
Saint-Pierre 10/230 kV 
Cognet unearthed 
(France) 


EdF 
Fessenheim 
(France) 


solid 


with 
impedance 
1002 


with 
impedance 
400 Q 


unearthed 


50 


Line at no-load 


250 


DCSF 


1 For full names see end of Table III on page 212. 
3 In this case an unloaded line was not interrupted, but a purely ohmic feeder to the system. 


non-linear 


5000 


45 MVA 
10-3/150/240kV 


2 A.S.C. = arc suppression coil. 


Service 
voltage 


kV 


130 


120 


230 


105 


230 


245 


Length 


km 


27 
223 
432 


14 
cable 
0-257 

pF /km 


280 


line with 
small 
purely 
ohmic 
load * 


line with 
purely 
ohmic 
load$ 


No- 
load 


N 
be 


r 


current ti 


A 


70 


Overvoltages Graphical representation of Circuit 
overvoltage factor 
= Body : arithe S = Test breaker 
Mean Maximum responsible aa mean Sra K = Shunt reactor 
voltage factor overvoltage factor for tke side G = Generator 
; j Seon 
measurement a. 
ye Line Live Line T= Transformer 
a ae | side mae (AE ————E————— Pp = Ohmic load 
| 0 | 2 3 4 
1-0 1-0 1-0 EdF 
1-0 1.0 1-0 aa 
) 1-0 1-0 1-0 4 
2-0 1-1 Cas 
2.0 1-1 ; 10 kV kV 116589°1 
110 kVA A220 kV 
Sel aes Scr ieee 
a 
G 10 kV 
4) 1-0 1-7 1-0 EdF 
T 
| 10 kV, 230, 
1:0 1-9 1-0 coment {re ete 
a A kV Sag Le 
1.0 1-4 1-0 ? 
‘5 1-6 EdF 
5 1-5 
5 1-2 ei 
a 1-2 
7 1-8 
5 2 
5 1-5 
10,3 kV 
1-65 eben 
) 1-75 - 7 150220kV 
] 2-5 
5 2 1 
] 2-25 
5 1-5 ' 
| 
3 2-15 Y 
P,=0...40 MW 
25 2 116592°1 
2 1-6 
15 1-8 
ee a ae 
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212 TABLE III 


Voltages when disconnecting capacitor banks 


System data Breaker Capacitor bank 
| Service Supply 
System fre- Rated Breaking | transformers Service Rated Rated 
: Neutral Parallel : ; f 
Place : quency | voltage Type alcge ee capacity or state o voltage power current 
(Country) earthing resistor system 
c/s 
(Hz) kV MVA kV MVar A 
ATEL? a.s.Cc. 50 60 DCVF | non-linear 1500 Normal; 50 Leo 315 
Lachmatt capacitor bank 
(Switzer- Bottmingen | 
land) | ees 
Normal; 
capacitor bank 
Bottmingen 
switched. on 
Phase T earthed; 
capacitor bank 
Bottmingen 
not on 
PhaseT earthed; 
capacitor bank 
Bottmingen 
switched on 
OVG un- 50 110 DCVF | non-linear 2500 normal 110 | 10-0 91 
Bisamberg earthed 
(Austria) 
BPA 60 110 DCFYV | non-linear 3000 
Port 
Angeles 
(USA) 
Grandview 
(USA) 


Note: In each series of tests 10 interruptions were carried out. 


1 Explanation of the abbreviated names in Tables I, II, III: 


Switzerland: ATEL = Aare-Tessin Electricity Co. StGH =Studiengesellschaft fiir Héchst- 
BB = Brown Boveri, Baden spannungsanlagen 
FKH =Swiss High-Voltage Research Commission BW = Bayernwerk AG. 
KZ =Kraftwerke Zervreila AG. BEWAG = Berliner Elektrizitatswerke AG. 
GBBM = Gesellschaft fiir den gemeinsamen Bau und Finland: IV =Imatran Voima OY 
PevieD Seve bau France: EdF = Electricité de France, 
Mi = Maggia-Krattwerke Ath Direction des Etudes et Recherches 


Austria: OVG = Osterreichische Verbundgesellschaft 


Germany: RWE = Rheinisch-Westfalisches Elektrizitatswerk AG. 
Sweden: KglV = Kungl. Vattenfallsstyrelsen 


EVS = Energieversorgung Schwaben GmbH. 
PE = Preussische Elektrizitats-AG. USA: BPA = Bonneville Power Administration 


The measurements in Tables I, II and III are published with the consent of the following power companies and measuring 
authorities: Studiengesellschaft fiir Héchstspannungsanlagen (Prof. H. Baatz); Electricité de France, Direction des Etudes et 
Recherches (M. Y. Baron); Forschungskommission des Schweiz. Elektrotechn. Vereins (SEV) und des Verbandes Schweiz. Elek- 
trizitatswerke (VSE) fiir Hochspannungsfragen (Prof. K. Berger); Brown Boveri, Baden (BB). 


Overvoltages 


Mean Maximum Body 
overvoltage factor | overvoltage factor ‘eer 
sible for 


measure- 
ment 


live side 


Bank 
side 


Bank 
side 


Live 
side 


Live 
side 


bank side 


106 | 1-25 ay 1-83 | FKH 
Le POG, ait, 1695» 24-90 
1-6 (To thy PS take mae) 
1-77 186 | 1-84 | 2-36 


at the next or subsequent peak of the service-fre- 
quency driving voltage, whereas in the classical case, 
without current chopping, it reaches 2u,). In the 
above formula A, is the damping coefficient of the 
oscillation. Comprehensive test results are also avail- 
able regarding line dropping and the interruption 
of capacitive currents (see Tables II and III). 
Less is known regarding the magnitude and rate 
of change of the voltage during restriking, and the 
resultant stresses imposed on the transformers and 
other parts of the system. The following section will 


therefore be devoted to restriking. 


Graphical representation of 
overvoltage factor 


arith. 
mean 


213 


Circuit 
B = Towards Bottmingen 8 km distant 
C= Capacitor bank 15-75 MVar 

K = Shunt reactors 

L = Avec suppression coil 

S = Test breaker 

T = Phase T earthed 


max. 


—+—__—_——_® 


—+————————_a 


2 3 


Ah 8 


50kV 2 
150 vel ov 


116593"! 


1165941 


110 wheres 


3. Restriking 


Restriking may take place when low inductive 
or capacitive currents are interrupted. Up to now 
the fact that restriking exists had been taken more 
or less for granted and the occasional resultant 
increases in voltage studied. But less was known 
about the form and magnitude of the abrupt volt- 
age change. Later this article will discuss the current 
and voltage waves when restriking occurs during the 
most important types of switching operation. 

Essentially, restriking always represents a reclosure 
of the circuit in the breaker S (Fig. 1 and 5). A 
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Ing. 7. — Diagrams of investigated closing actions (restrikes ) in 


single-pole circuits 


a-—d = Transformers at no-load, i.e. low inductive currents 
e, f= Lines and cables at no-load 
g—k = Capacitor banks of capacitance C 

L,, C, = Inductance and capacitance of supply system 


L,, C, = Inductance and capacitance of unloaded or reactor- 
loaded system 


l,, lg = Inductance of the (short) lengths of line between source 
of power and breaker, and between breaker and dis- 
connected element 


Z,, Z, = Impedances of (long) lengths of line between source of 
power and breaker, and between breaker and dis- 
connected element 


C = Capacitor bank 
S'= Circuit-breaker 
Uy = System voltage 
u, = Voltage to earth of live breaker terminal 
u, 7 = Voltage at terminals of supply transformer 
u, = Voltage to earth of disconnected breaker terminal 


U, 7 = Voltage at terminal of transformer to be connected 


number of the simplest single-pole arrangements 
occurring in practice have been investigated, assum- 
ing a single restrike in each. The various cases are 
depicted schematically in Fig. 7. 

With transformers at no-load, or low inductive 
currents (a—d), it is assumed, for instance in ‘a’, that 
there is only a short length of line with the induct- 
ance J, between the feeding transformer L, and the 
breaker, and between the breaker and the trans- 
former L, being switched there is also a short length 
of line with the inductance /,. If these lines (or 
cables) are longer, e.g. several hundred metres or 
more, they are denoted by an impedance (Z,, Z,), 


as in cases ‘b’, ‘c’ and ‘d’. ‘The! cases 367 andeas 


refer to the connection of lines or cables at no-load; 


cases ‘g’—‘k’ to the connection of capacitor banks. 

The voltage curves of some of the forty cases of 
restriking calculated are tabulated in Fig. 8. 

In each case the curves of the voltages u,;7 and 
Uap at the transformer terminals, and wy, at the 
capacitor terminals are plotted for closure of the 
breaker. The initial voltage at the live terminal of 
the breaker immediately before closure is taken to 
be 1 in each case; that of the opposite terminal —1. 
The calculations were performed with the aid of a 
digital computer. All examples roughly conform to 
the conditions in a 150-kV system. The lines and 
cables were represented in some cases by a T net- 
work, in other by several T networks. 

From these calculations and from theoretical con- 
siderations it is possible to make the following state- 


ments. 


Amplitudes, natural frequency and rate of change of voltage 


during restriking 


Discussion will be confined to two groups of cir- 
cuits in Fig. 7, namely ‘a’ and ‘g’ on the one hand, 
and ‘d’, ‘f’, ‘k’ on the other. 

As regards the phenomenon of restriking, the cir- 
cuits ‘a’ and ‘g’ are almost equivalent. Assuming 
that, before closure, the live terminal of the breaker 
is at a potential of u,.9 to earth (momentary value 


of the supply voltage), while that of the terminal on 
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the disconnected side is uy 9, the effect of closing 
the breaker is to reverse the charge of the capa- 
citances C, and C, through the small inductances 1, 
and /,. Hardly any current flows through the rela- 
tively large inductances L, and L,. The charging 
process takes place in the form of a damped high- 
frequency oscillation having a natural frequency of 
] 


f= oe: (7) 


2a|/ (4 + ly) ceac. 
1 


in which C, and C,, as already mentioned, are the 


input capacitances of the transformers in case ‘a’, 
while for case ‘g’ C, is the capacitance of the capaci- 
tor C. The changes of voltage at the transformer 
terminals also take place with the same natural 
frequency. This high-frequency oscillation of, say, 
100 kc/s decays rapidly and usually has no effect 
on the medium-frequency breaker voltage, which 
commences to rise again immediately the restriking 
arc is extinguished (see Fig. 3). The ‘‘final potential” 
u, of the two breaker terminals to earth at the end 


of the transient is as follows 


Cy Uy, 9 + Ce tle, 9 
— > ’ 8 
eC eC, 4 


which can easily be deduced from the balance of 
charges in the capacitances. The total amplitude 
of the undamped oscillation is equal to twice the 


initial potential difference, i.e. 2 (wy 9—w2,9), of which 


G; 
1 (u1,0 = u,) =2:- (u1,0 Us, 9) ¥ CLG, (9) 
is on the live side, while 
G; 
2+ (u,— Ue) = 2: (u1,0 Uz 9) ° G4 (10) 


is on the disconnected side. Hence it follows that 
both on the live side and on the connected or dis- 
connected side the amplitude of the voltage change 
during restriking, assuming an undamped oscillation, 
are always less than twice the voltage required for 
the arc to strike across the breaker terminals. In 
reality the amplitudes are smaller, owing to damp- 


ing. Supposing C, = C, and the overswing factor 


is 1-5, the total high-frequency change in voltage of 


l 
yF 1-5 (wy, 9 — Up, 9) = 0°75 (uy 9— Ue, 0) 


is experienced by the terminals on both the live and 
disconnected side of the transformer, overswinging 
being included. 

In the above discussion the existence of the supply 
voltage has been ignored. The final value u, as given 
by (8) is in fact approximately attained at the end 
of the restriking transient. The service frequency 
driving voltage, however, had the momentary value 
Uy 9 When restriking commenced. The potential of 
the two breaker terminals temporarily bridged by 
the arc is now rapidly changed from u, to m9, 
the process taking effect with the relatively low 


natural frequency 


—————— (11) 
also in the form of a damped oscillation. However, 
it is also possible for the arc to cease before the 
voltage u,9 is attained, in which case only the live 
side is charged up to u,9, while the disconnected 
side acts independently and decays according to its 
own rules. The service-frequency voltage changes 
so slowly during all the phenomena that it may 
be assumed to be constant and equal to uy 9. 

The circuits ‘d’, ‘f° and ‘k’ in Fig. 7 can be treated 
in a slightly different manner, by considering the 
lines Z,, Z, as split impedances. When the restrike 
takes place in the breaker S, the potential differ- 
ences previously obtaining between the live and 
disconnected parts of the system divides in propor- 
tion to the surge impedances of the lines or cables 
on either side of the breaker. If the live terminal 
of the breaker is at the potential u,9, the dis- 
connected terminal at wu, ,, and the surge impedances 
of the lines Z, and Z, are X, and X,, the voltage 
on the live side jumps from 1 9 to 
Uy, — (41,0 — Us, 0) * ete = 
= M10 %s t Ms, 0%s 


if? 
recy, a 
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Natural frequency 
Rated Rated a 
as, power mi G 4 I power Ly G, “ fs Ss 
= 1 2 1 3 
= equiv. equiv. a ——— 
C,-C. Ge 
2 length length an |/ (1, + J) C+ CG, 2x VL, C 
v | 
MVA}| H pF | pH km | pH | km |MVA| H pF | pF appr. c/s appr. c/s 
a 100 |0-0716} 800 | 59-5 | 0-05 | 59-5 | 0-05 100 | 35:8 | 800 500 000 13 000 
F F 
a 100 |0-0716| 800 } 59-5 | 0-05 | 59-5 | 0-05 20 |119-37} 800 500 000 13 000 
F F 
a 20 |0-3581} 800 | 59-5 | 0-05 | 59-5 | 0-05 20 |119:37} 800 500 000 5 850 
F F 
a 20 |0-3581 | 800 | 18-2 | 0-05 | 1190 1 20 119 | 800 | — 72 600 1 970 
K F 
g 100 |0-0716| 800 | 59-5} 0-05 | 59-5 | 0-05 -- — — | 1-42 335 000 500 
F 
g 20 |0-3581| 800 | 59-5 | 0-05 | 59-5 | 0-05 oe _- — | 1-42 333 000 224 
F F 
g 20 |0-3581 | 800 | 1190 1 1190 1 -— a= — | 1-42 34 000 220 
F F 


1 C = Capacitor bank, F = Line, K = Cable. 


the line capacitances. 


2 C, and C, include the input capacitances of the transformers, as well as 
8 C’ is the resultant capacitance to be substituted for the medium-frequency oscillation, 
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Fig. 8. — Computed voltage curves during restriking (see also Table opposite) 
L,, G,= Inductance and capacitance of supply system Z,, Z,= Impedances of (long) lengths of Uu,;7= Voltage at terminals of supply 
L,,C,= Inductance and capacitance of unloaded or line between source of supply transformer 
reactor-loaded transformer and breaker, and _ between Uag7= Voltage at terminals of trans- 
1,,1, = Inductance of (short) lengths of line between breaker and disconnected ele- former to be connected 
source of supply and breaker, and between ment Ug¢ = Voltage at terminals of capacitors 
breaker and disconnected element C = Capacitor bank to be connected 
uit U2 T, U2¢ 
a h 
114936-l8 1149361h 
b i 
114936 Ib 11493671 
c k 
114936-lc 114936 Ik 
d ] 
114936-1L 
1149361 
e m 
114936-le 114936¢lm 
f n 


1149361" 


114936-l0 
Y3 


11493619 114936-l0 
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that on the disconnected side from uy,) to the same 
value. Then, on the live side voltage surge for 


example, negative, with the amplitude 


x 


X, + X, (13) 


a (1,0 = Up, 9) 2 
travels along the line Z, to the source of supply 


and, say, a positive surge with the amplitude 


xX, 


(4,0 — 42, 0) Wee (14) 


along the line Z,. When these waves arrive at the 
source (supply transformer) or the end of the ener- 
gized line, it is possible for them to be fully or partly 
reflected, depending on the nature of the element 
encountered. 

The rate of change of voltage at the breaker 
terminals is, theoretically, infinitely large. In prac- 
tice, though, it is limited by the inertia of the arc 
when it has struck, because it can only change with 
a time constant of the order of 10-8 to 10-9 s. Further- 
more the surges are flattened as they travel along 
Z, and Z,, and the amplitude is damped. 

A theoretical upper limit to the rate of change 
of the voltage surge at the transformer terminal can 
be estimated by considering the time constant be- 
tween the input capacitance C' of the transformer 


Fig. 9. — Oscillograms of breaker 

current i and breaker voltage u during 

the restriking stage when interrupt- 

ing 41 A (sinusoidal, purely induc- 

tive, single-phase) at 24 kV with an 
airblast breaker 


R= Restrikes 


R, = Last restrike 


uy = Rise of voltage after last re- 
strike. Not all shown in the os- 
cillogram, it rises to a peak of 
about 50 kV 
m = Forward trace of cathode ray, 
linear time scale 
n= Return trace of cathode ray, 
approx. 10-20 times faster than 
forwards; non-linear time scale. 


The arrows on the current and 
voltage curves indicate the time 


R 82847-1 


direction. 


and the series surge impedance X of the line. Sup- 
posing C = 8 x 10-!° F and X = 500 Q (overhead 
line), the time constant CX = 0-4 x 10-° s which, 
to a rough approximation, is equivalent to the 1/50 
impulse. The same consideration applied to under- 
ground cable does indeed yield a smaller time con- 
stant, but in practice there is usually a length of 
line between the cable end-box and the transformer 
terminal, and always between the cable end-box 
and the breaker, so that the conditions are less 
severe. 

A large number of measurements have been taken 
in the Company’s testing station and in power 
systems, in which the time taken by the voltage 
collapse was always a few us at least. In no case 
was the voltage change more rapid than the 1/50 
impulse. As a matter of fact the phenomena during 
restriking closely resemble atmospheric discharges. 

All other cases (b, c, e, h, i) in Fig. 7 are com- 
binations of the two extreme cases described and 
may be assessed accordingly. 

The oscillograms in Fig. 9-11 illustrate cases in 
which there were a large number of restrikes. In 
Fig. 9 the restriking voltages only attained a relative- 
ly small amplitude (micro-restrikes). These curves 
apply to the disconnection of air-cored reactors 


carrying a sinusoidal current. 
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0 5 10 20) 30 40 50 60 80 100 120 
a ——E ss ——_ a 4 4 4_____1 yey 
vis 
: : La 
Fig. 10. — Oscillogram of the trans- Wy "| wre 
; X } yw we site 
former voltage when an unloaded 1 ne 6 . 
a AJ 4 ; a 
single-phase transformer, rated 5000 ’ N If gk \ 
kVA, ratio 30/7 kV, is disconnected | N yy \ 
by an airblast breaker on the 7-kV hal \ 
side \i : \ 
A, fl 
wit 
Restriking and final decay of voltage W Vy 
(ux) to zero. Other notation as in ' 
Fig. 9. 
BROWN BOVERI 107197+1 
= 5200 kVA Fig. 10 shows the voltage when a single-phase 
63kV 48kV aie : 
1 4 transformer is disconnected. Each restrike lasts sev- 
eral us. 
2 S Fig. 11 represents the disconnection of a three- 
phase transformer. In none of these oscillograms 
- ® have the restrikes the idealized severe form described 
BROWN BOVERI sorb in the foregoing because the calculated curves in 
Cc 


Fig. 11, — Disconnection of a three-phase transformer rated 5200 kVA, ratio 48/6-3 kV 
by an airblast breaker on the secondary side 

a: Circuit 

b: Oscillogram of the voltages to earth at the middle terminals (2:5) on the primary and 
secondary sides of the transformer 
t=0 refers to the commencement of restriking 

c: As ‘b’, except that the voltages of all primary and secondary transformer terminals are 
measured 
1, 2,3 =Secondary (low-voltage) transformer terminals 
4,5,6 = Primary (high-voltage) transformer terminals 
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14937°1 


4938-1 


4939+) 


Cc 


Fig. 12. — Wave-forms of overvoltages produced by the interruption of low inductive and capacitive currents. Particularly illustrating 
the abrupt voltage change due to restriking 


u, = Voltage to earth of the live breaker terminal 


U,7 = Voltage at the terminals of the transformer to be con- 


nected 


a: Low inductive current 


The restriking sequence takes place 
with increasing momentary value of 
the service-frequency voltage 


Fig. 8 apply to the greatly simplified and idealized 
circuits in Fig. 7. The circuits actually occurring 
often contain additional elements, such as instru- 
ment transformers, capacitive voltage dividers, re- 
actors, complex combinations of lines and cables, or 
they may have loaded or unloaded lines, etc., con- 
nected to the live side. Internal repercussions in the 
transformer are likewise possible. Nevertheless the pre- 
sent investigation (Fig.8) may be deemed to have cov- 
ered the principal features of restriking. The addi- 
tional system elements referred to result in an 
interruption or dispersion of the restriking process, 
in other words they reduce its severity, both in 


amplitude and in the rate of change. 


Magnitude of the abrupt voltage change during restriking 


In Fig. 8 this magnitude was always considered 
on the basis of an initial unit voltage difference of 
|u,—u,| = 2 between the breaker terminals. But the 
actual height is determined by the electrical strength 
of the break, or by the formulae (1) to (3), or both. 
In order to be able to make a more accurate state- 
ment, the problem may be considered as follows 
with the aid of Fig. 12a, b and c. 

The starting point is the stipulation that the over- 


voltage must not lead to flashover between live 


b: Low inductive current 
The restriking sequence takes place 
with decreasing momentary value of 
the service-frequency voltage 


Un = System voltage 
u, = Voltage between breaker terminals 
t= Time 
c: Capacitive current 


The capacitance on the live side is 
assumed to be small compared with 
the disconnected capacitance. 


parts and earth; therefore an upper voltage limit 
Umax to earth must be specified. 

With low inductive currents we may distinguish 
between two different sets of conditions, as in Fig. 12a 
and b. In the former, restriking takes place with 
decreasing momentary value of the service-frequency 
current, i.e. with increasing momentary value of the 
service-frequency voltage. The voltage u,7 between 
the transformer terminal and earth is in this case 
equal to the sum of the absolute values of the 


system voltage and the breaker voltage, 


ca |u,| st |, | 


| usr 


In contrast, the restriking stage in Fig. 12b occurs 
as the service-frequency current is increased, i.e. the 
momentary value of the service-frequency voltage 
is decreasing. In this case, owing to the reversed 
polarity, the voltage u,7 between the transformer 
terminal and earth is equal to the difference between 
the absolute values of the breaker voltage and system 


voltage 
[wer] = |u| — || 


Owing to the fact that, under otherwise equal 
conditions, a breaker may in principal have the 
same chopping current, regardless of whether the 


momentary current is increasing or decreasing, it 
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may be assumed that the breaker voltage uw, is 
fundamentally equal in Fig. 12a and b. However, 
this implies that the overvoltage uy; to earth is 
greater in Fig. 12a than in 12b. Now the live 
terminal before a restrike is always at the potential 
of the driving (system) voltage, even though as a 
result of the preceding restrike there may have 
been a temporary, rapidly damped high-frequency 
oscillation. Hence the simple change in voltage 


(without the high-frequency overswing) totals 
a |u 


max | n | 


|.| = [eer] — [en] < | 


When interrupting a capacitive current the be- 
haviour is quite different, as may be seen in Fig. 12c. 
Assuming once more that the maximum admissible 


voltage u,,,, to earth is specified, it follows from the 


max 


simplified representation in Fig. 12c that the simple 
voltage change in the case of a restrike is 


|u| v3 |x, | < [trea as |x, | 


Thus, with a capacitive current, and with the same 
permissible overvoltage to earth, the simple voltage 
change caused by restriking is roughly 2u, higher 
The breakdown 
voltage u, across the breaker contacts may then be 


than with an inductive current. 


assumed to be less with an inductive current than 
with a capacitive. This also agrees with actual con- 
ditions because, during the process of restriking 
when interrupting an inductive current, the contacts 
are normally still opening whereas, at the second 
or third restrike when interrupting a capacitive 
current, the contacts are already fully open. The 
abrupt voltage increases calculated in this manner, 
including the high-frequency overswing are propag- 
ated in separate fractions, as already mentioned, on 
the live and disconnected sides in accordance with 
(9) and (10), or (13) and (14). When interrupting 
a large capacitance fed from a less powerful system, 
it is possible for the whole voltage change to be 
transferred to the feeding transformer. Since this 
abrupt change can be 2u, higher than when an in- 
ductive current is interrupted, the capacitive inter- 
ruption must be treated as the more severe. Con- 
versely it may be inferred that, with inductive cur- 
rents, higher overvoltages to earth are admissible than 
with capacitive, assuming an equally large voltage 
change on restriking is permissible in both cases. 


Inductive and capacitive transformation ratio of the 


transformer 


Fig. 1l1b shows the voltage curve for the high 
and low-voltage sides of the same transformer phase. 
It is noticeable that the secondary voltage does not 
conform exactly to the primary. This is partly due 
to the capacitive transformation of the restriking 
voltage. Whereas the transformer inductively trans- 
forms the medium-frequency voltage changes and 
oscillations, more rapid phenomena, such as re- 
strikes, are at least partly transformed at the capaci- 
tive ratio. The outcome of this may be that larger 
(or smaller) overvoltages are experienced on the 
secondary side than on the primary side, i.e. the 
side which is disconnected. Supposing a transformer 
stepping down from 30 to 1 kV—i.e. with an in- 
ductive transformation ratio of 30—is fed and dis- 
connected on the 30-kV side, restrikes are trans- 
ferred with the, in most cases smaller, capacitive 
ratio to the 1-kV side so that the overvoltage factor 
on the secondary side is larger in proportion than 
on the primary side. In such cases a sure remedy 
is to use lightning arresters on the secondary side, 
if increasing the capacitive ratio by modifying the 
design of the transformer is to be avoided. 

Current surges caused by restriking are usually harm- 
less, with the exception of those produced by the 
interruption of capacitor banks (see also C, page 223 
and [18]). The current decays with the same 
natural frequency f, as in formula (5) or (7) and 


its amplitudes are usually insignificant. 


4. Breakers with Parallel Resistors 


When correctly dimensioned, ohmic resistors in 
parallel with the breaker are able to damp the 
overvoltages. With small inductive currents, e.g. case ‘a’ 


in Fig. 7, a parallel resistor r damps effectively when 


Ly 


jf re wre 
a 


(15) 


and, when the supply system is weak, when 


Ly, 
. 16) 
r<|/Z (16) 


If VLC in itself is small and, according to formulae 


(1), (2) and (3), does not permit high overvoltages, 
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a resistance is of course superfluous. It has a balanc- 
ing effect between the live side and disconnected 
side. If conditions (15) and (16) are fulfilled, the 


voltage across the breaker terminals is at the most 


Umax < ta? (17) 


where 2, is the chopping current. In this manner it 
is possible in principle to reduce the overvoltages 
indefinitely although, for economic reasons, there is 
a practical limit. Moreover, it has been established 
that restriking occurs less frequently, or not at all, 
when parallel resistors are used. 

When interrupting capacitive currents the parallel re- 
sistor can ease the task of the breaker if it can dis- 
charge the capacitance sufficiently rapidly, i.e. within 
half a cycle of the service frequency, or thereabouts. 
Thus for a frequency of 50 c/s, rC must be less than 
10-4"5. 


B. Interruption of Three-Phase Circuits 


1. Small Inductive Currents 


When the neutral of the supply system and of the 
transformer to be disconnected are solidly earthed, the 
phenomena in individual phases during interruption 
are largely independent of one another. Each phase 
with the earth-wire forms a separate circuit which 
is hardly affected by the neighbouring phases. This 
case of solid earthing, which is being practised to 
an increasing extent in e.h.v. systems, can be dealt 
with relatively easily by the theories put forward 
under A, and overvoltages can be calculated ap- 
proximately. But one arrangement frequently en- 
countered in solidly earthed systems should be 
mentioned at this point because it does not con- 
form to the above theory. This is when several 
transformers are in parallel in one power station, 
and the neutral of only one is solidly earthed, as 
is often the case. If one of the unearthed trans- 
formers is disconnected, conditions become more 
complicated, as will now be explained. 

In systems with the neutral unearthed or resistance earthed 
lively changes in its potential may be anticipated in 
the restriking stage. Each restrike in one phase causes 
a sudden change in the voltage of the neutral or 
neutrals. But it is quite impossible to formulate any 
law, particularly when all three phases are in the 


restriking stage at once, as in Fig. llc. Moreover 
it is pointed out that when interrupting low induc- 
tive currents it is clearly impossible to speak of the 
first, second or third phase to clear, although it 
often happens that the restriking stages and the 
definite interruption of the three phases are clearly 
successive. The fact that the neutral potential sud- 
denly changes also influences subsequent restriking 
in the three phases. If, due to a displacement of the 
neutral voltage, the voltage difference in one pole 
increases or decreases, the next restrike in that pole 
may occur earlier or later, or perhaps not at all. 
Thus the three phases can influence one another 
during the restriking stages. 

Only a few measurements have been made of the 
magnitude of the neutral voltages during such phe- 
nomena. The readings are nevertheless in every case 
lower than the overvoltages at the transformer ter- 
minals and may rarely be expected to exceed the 


service-frequency peak value of the phase voltage. 


In view of the complexity of the voltage curves and the im- 
possibility of calculating them accurately, the following points 


are most important: 


(a) The electric strength of the gap between the 
opening breaker contacts restricts the overvoltages 
occurring there. This effects a balance between the 
three phases so that neither the terminals nor the 
neutrals of the transformer can attain infinitely high 


potentials. 


(b) The many measurements carried out by Brown 
Boveri (see Table I) and the results published by 
numerous other authors prove that the overvoltages 
are harmless in most cases [4—6, 19, 20]. 

In the rare cases of higher overvoltages lightning 
arresters are a safe and reliable means of limiting 
the rise, if necessary; alternatively the breaker may 
be equipped with suitable resistors. 


(c) The abrupt voltage changes caused by restrik- 
ing are roughly of the same order of magnitude as 
the overvoltages between transformer terminals 
and earth, though of course the overswing must 
be added. But the parts of the system on either side 
of the breaker only experience part of the total surge, 
in proportion to their surge impedances, or other 


characteristic impedances (see A. 3). 
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2. Capacitive Currents 


The voltage stresses experienced during the dis- 
connection of capacitor banks without restriking was 
dealt with in an earlier publication [18]. When the 
system neutral is solidly connected to the neutral 
of the capacitor bank, the maximum breaker volt- 
age is equal to twice the phase voltage; otherwise 
it is 2:5 times the phase voltage. The voltages to 
earth are insignificant. When disconnecting lines or 
cables at no-load the conditions are rather differ- 
ent, nevertheless when interruption is free from re- 
striking, the overvoltages are likewise small (see also 
Tables II and III). 

If repeated restrikes occur the voltage may pos- 
sibly resonate upwards. The actual restriking process 
is as described in A. 3. When restriking occurs in 
one breaker pole and the neutrals are not solidly 
earthed, their potential is displaced, with the result 
that the two other poles are often subjected to an 
unduly high voltage difference and are themselves 
“forced” to restrike. Here too it is hardly possible 
to take into account all imaginable forms of three-phase 
interruption with restriking. If there is only one 
restrike per phase, the overvoltages are generally 
not very high. 

Lightning arresters cannot be used for protection 
in this case, if on sparkover they are incapable of 
absorbing the high capacitive power. It is better to 
use non-restriking breakers or to equip the breakers 
with suitable parallel resistors (see formula 18). 

Restrikes when switching capacitor banks may 
possibly cause appreciable current surges, especially 
when the amplitude of the restriking voltage is large. 
Extreme values, i.e. of the order of magnitude of 
short-circuit currents can be attained, for instance, 
when one of two adjacent capacitor banks is con- 
nected, or its disconnection is accompanied by re- 
striking [18]. 


C. Making Small Inductive and Capacitive Currents 


As mentioned before, the phenomena during mak- 
ing are fundamentally the same as during restrik- 
ing, and the laws formulated in A. 3 are likewise 
applicable. The abrupt voltage change is however 
limited and is seldom higher than the phase voltage, 


to which increases due to overswinging must be 


added. Neither on making inductive nor capacitive 
currents are the overvoltages severe. When switch- 
ing on transformers at no-load the well-known ele- 
vated and distorted service-frequency inrush surge 
follows the initial high-frequency transient. This is 
not the case with restriking because usually the 
breaker arc ceases at one of the few zeros of the 


high-frequency current wave. 


D. Conclusions Regarding Shape and Size 
of Overvoltages 


When low inductive currents are interrupted, volt- 
ages are produced which either rise at a medium 
frequency or decay with a damped oscillation and 
these may be discontinuously interrupted by restrikes. 
From experience, the medium-frequency voltages 
are harmless in by far the majority of cases. In- 
stances where these voltages attain or exceed the 
insulation level of the installation are extremely 
rare. The height of the abrupt voltage change caused 
by restriking is of the same order as that of the 
medium-frequency overvoltages, but a damped high- 
frequency overswing must be added to it. This 
abrupt voltage change, however, divides itself be- 
tween the live and disconnected sides in proportion 
to certain characteristic impedances of the system 
elements, or the surge impedances of the lines con- 
nected to the breaker terminals, so that the parts of 
the installation never experience the full voltage 
change of restriking. Besides, part of this voltage 
change is taken up by the arc voltage between the 
breaker contacts. The rate of change of the collaps- 
ing voltage during restriking is always less than that 
of a 1/50 standard impulse- 

During line-dropping and generally when inter- 
rupting capacitive currents, it is possible for the 
voltage to increase stepwise to inadmissibly high 
values if several restrikes take place. In principle 
the restrikes themselves obey the same laws as apply 
to the interruption of small inductive currents. 

Unduly high overvoltages resulting from induc- 
tive interruptions can be limited by lightning arrest- 
ers or by resistors in parallel with the breaker. For 
capacitive interruptions the best remedy is to use 
non-restriking breakers or suitable resistors parallel 
to the breaker. 
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THE EFFECT OF SWITCHING SURGES ON TRANSFORMERS, 
REACTORS AND INSTRUMENT TRANSFORMERS 


Voltage surges produced by the interruption of h.v. switch- 
gear may possibly give rise to severe dielectric stresses in the 
associated elements of the system, especially those having 
windings (transformers, reactors, instrument transformers). 
This article proves that circuit-breakers conforming to con- 
temporary standard practice cannot harm correctly dimen- 
sioned elements. Moreover, in many cases it is impossible to 
use lightning arresters to protect these elements against the 
effects of inadmissibly high switching surges because, fre- 
quently, the charges which have to be dissipated when long 
cables or capacitor banks are disconnected are so heavy that 
there is a risk of the arresters being thermally over-stressed . 
Operational breakdowns in transformers due to switching 
surges have not been experienced by this Company, but in 
the recent literature there was an account of a transformer 
failing due to excessively high overvoltage in a circuit-breaker 


in which restriking occurred. 


System Elements and Switching Surges 


S EXPLAINED in the foregoing article, over- 
voltages of many different forms can be pro- 
duced when transformers, lines, cables and capacitor 
banks are disconnected at no-load. The question 
which immediately arises is whether these elements 
are endangered by the voltage surge. This point will 
now be investigated in detail, the remarks being con- 
fined to elements with windings, i.e. power trans- 
formers, instrument transformers and reactors. Only 
in such elements can internal transients be produced 
by external surges. For lines, cables and capacitor 
banks the question of their being endangered by 
switching overvoltages is easy to answer; it is merely 
necessary to ensure that the voltage surges do not 
exceed the permitted insulation level. Although 
surges of many different forms can be produced by 
switchgear operation, it is possible to crystallize out 


1 See page 195. 
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three distinct basic forms, as described in the fore- 
going article; these are medium-frequency voltage 
rises, high-frequency restrikes and heavily damped 
medium-frequency oscillations. These basic forms 
and their effect on windings will now be closely 
analysed. The stresses imposed on the system ele- 
ments are computed by suitably superposing these 


basic forms. 


Restriking 


Restrikes are high-frequency phenomena. How- 
ever it is known that the rate at which the voltage 
varies at the affected element (e.g. transformer) is 
never extremely high. It is feasible for the rate of 
rise of a full-wave impulse with a rise time of | us 
to be attained in isolated cases. But in general the 
inductance of the line connecting the system element 
and circuit-breaker is so high that the voltage takes 
longer to collapse. A duration of only a few tenths 
of a microsecond is attained during type tests with 
chopped-wave impulses in the manufacturer’s work- 
shops. This is only possible as a result of the ex- 
tremely short connection between the chopping 
spark-gap and the test object. In practice such an 
arrangement never exists. 

In order to assess the effect of rapid changes of 
voltage on windings, it must first be borne in mind 
that, for the internal stresses on a part of a winding, 
the main factor is the size of the abrupt change in 
voltage and not how high the potential of the input 
terminal was before and after the change. 

Fig. la shows a simplified equivalent circuit dia- 
gram of a winding with the capacitances C, and C, 
and with N, and N, the respective numbers of turns. 
Before the fault the incident potential to earth of 
the winding is assumed to be U,,. This voltage is 
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Fig. la. — Simplified equivalent diagram of a winding for 
determination of the voltage at point I 
U,, U, = Potentials to earth at points 1 and 2 


C,, C, = Capacitances 
N,, N, = Numbers of turns 0-1 and 1-2 


distributed linearly along the winding, as shown by 
curve | in Fig. 1b. Now if we suppose the incident 
potential changes momentarily to U,,, the potential 


of the point | of the winding becomes 


Cy 


U,, = Uw toa Ge 
1 2 


(Use U,,) 


and the voltage between points 1 and 2 works out to 


C, 


Ug sU,= 5 esas eee = 
2e le (U2, Us) + (oe G3 (U,, U,,) 


Particularly if N, is small compared with the total 


number of turns, which is quite possible if we con- 


BROWN BOVERI 


Fig. 1b. — Potential in the winding in Fig. la 


| = Steady-state voltage distribution with a terminal potential U,, 
2 = Voltage distribution after the change (U,,—U,,) 


sider the coil at the input end of a disc-coil wind- 
ing, it will be immediately recognized that this volt- 
age is determined almost entirely by the capacitances 
ape 
This is clearly visible in Fig. 1b. Strictly speaking, 


and the amplitude of the voltage change (U,,— 


this argument applies to infinitely rapid rates of 
change of voltage. But it is known that this kind of 
voltage variation represents the severest possible 
stress on elements of windings. With reduced rate 
of rise of the voltage surge, the amplitudes of the 
resultant stresses also diminish. 

A representative example of this is shown in Fig. 2. 
It shows the impulse voltages measured across the 
initial coil of a large transformer with voltage 
impulses having different rise times. It can be seen 
that the effect on the amplitude of extending the 
rise time can be quite pronounced. Therefore it may 
be concluded that, for a voltage change of given 
amplitude, the stress on the winding elements de- 
creases in the following order: Impulses chopped 
in the tail, full-wave impulses, restrikes during 
switching. The amplitude of the chopped impulse 
amounts to 115% of the full-wave test voltage. Since, 
from experience, overswing by as much as 50% can 
occur during such tests, the amplitude of the voltage 
change during this test actually amounts to 


L536 153 100 bors 


In the succeeding article? it will be proved that 
it is reasonable to stipulate that a circuit-breaker 
must not produce an overvoltage to earth more than 
72%, of the full-wave impulse test voltage. Under 
the most unfavourable conditions, assuming restrik- 
ing occurs at a voltage symmetrical to the earth 
potential, the maximum amplitude of the voltage 


change may be expected to be 


2x72 = 144%, 


173 —144 
173 
i.e. 17% below that experienced with the chopped- 


This amplitude is approximately ( = 0-17), 


wave impulse, and since the rate of rise is also much 
less steep, it will be seen that, under the conditions 
laid down for the circuit-breaker, an isolated restrike 


cannot possibly harm a correctly dimensioned wind- 
ing. 


* See page 231. 
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Another question which might be raised is whether 
a rapid succession of restrikes could not perhaps 
prove dangerous. All investigations carried out by 
Brown Boveri in this direction have contradicted 
this. The main reason is that it is more or less a 
rule that the amplitudes of restrikes occurring in 
rapid succession are relatively small, while restrikes 
of appreciable amplitude can only take place at 
fairly long intervals. 


Medium-Frequency Voltage Rises and 
Damped Oscillations 


As demonstrated in the foregoing article, the fre- 
quencies experienced are within the range 200 c/s 
to 5 kc/s. At these modest frequencies the distribu- 
tion of the voltage along the windings is linear and 
a severe voltage stress is only experienced between 
the beginning of the winding and earth. The question 
of danger to the insulation is covered by the succeed- 
ing article. 

Now the following problem could arise: Since 
every winding is an element capable of resonance 
with numerous natural frequencies, it is feasible for 
the decaying medium-frequency oscillation of a 
switching overvoltage to cause an unexpected in- 
crease in the interior of the winding, due to reson- 
ance. But for various reasons it is not permissible 
to speak of a real danger. 

In power transformers the minimum natural fre- 
quencies which occur are normally well above 10 kc/s. 
This can be illustrated by two typical examples. On 
disc-coil windings, which exhibit a greater inclina- 
tion to oscillate than the layer windings also used 
in large transformers, the periodicity of the slowest 
oscillation equals twice the transit time through the 
winding. With high-voltage windings this transit 
time is normally of the order of magnitude of 15 to 
40 ws, corresponding to frequencies of 33 to 12-5 ke/s. 
Fig. 3 shows the variation of the voltage with time 
between the mid-point of a disc-coil winding and 
earth on application of a voltage impulse. In this 
case the transit time is about 17-5 ws and the lowest 
natural frequency 28-5 kc/s. If there is a regulating 
winding in series with the main winding, it may 


oscillate separately. From experience, the natural 
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Fig. 2. — Voltage across the initial coil of a large transformer 
with surges having different rise times 


a: Rise time 0-1 us 
b: Rise time | us 
c: Rise time 3 ys 


frequencies in this case are from 10 to 50 ke/s. An 
example is given in Fig. 4. The voltage was measured 
across the regulating winding of a 14-MVA three- 
phase transformer with a ratio of 13-5/150 kV +. 21% 
when an impulse was applied to the input terminal 
and the neutral was earthed. From the time scale 
it can be determined that the natural frequency is 
17 kc/s approximately. 

For reactors conditions closely resemble those 
with power transformers, whereas with voltage trans- 
formers lower natural frequencies are possible. But 
here assistance is gained from the fact that, firstly, 
the exciting oscillation (the switching surge) is always 
heavily damped and, secondly, the internal damping 
by the ohmic resistance of voltage transformer wind- 
ings is greater than in power transformers. 

Summarizing, it may be stated that the medium- 
frequency phenomena associated with switching 
surges do not give any reason to fear dangerous 


voltage rises in the windings. It is merely necessary 
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Fig. 3. — Variation of voltage with respect to time u,(t) between 
the mid-point and the earthed end of a disc-coil winding on 
application of an impulse ug (t) 
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Fig. 4. — Variation of voltage with respect to time u, (t) across 

the regulating winding of a three-phase transformer rated 

14 MVA, 13-5/150 kV+ 21%, on application of an 
impulse Us (t) 


to ensure that the amplitudes of the voltages ex- 
perienced between the input terminal and earth are 
limited to reasonable levels (see the succeeding 


article). 


Transmission of Surges to the Secondary 
Side of Transformers 


A transformer continues to act as a transformer 
during transient phenomena. Surges are therefore 
inductively transmitted to the secondary winding in 


proportion to the turns ratio. Added to this there 
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Fig. 5. — The voltage u(t) transmitted to the secondary of a 

three-phase transformer rated 14 MVA, 13-5/150 kV, con- 

nected delta-star, on application of an impulse u,(t) to the 
150-kV winding 


Curves 1: Impulse voltage 1, (¢) 
2: u,(t) with secondary unloaded 
3: uy (t) when secondary loaded with R = 100 Q 


is a capacitive component resulting from the geometry 
of the winding. Fig. 5 depicts the transmission of a 
voltage surge to the secondary of a 14-MVA three- 
phase transformer for 13-5/150 kV, connected delta/ 
star. The capacitive component is insignificant. Since 
the change to the inductive voltage distribution takes 
place through a transient oscillation having the na- 
tural frequency of the secondary winding, it is quite 
feasible for the insulation level to be exceeded at the 
unloaded secondary terminals, even though this does 
not happen on the primary side. Owing to the ad- 
mittances of the connected lines, cables, machines, 
etc., the surges are usually limited to harmless values 
in the well-known manner (see curve 3 in Fig. 5). 
On the other hand it is essential for the secondary 
side of an unloaded transformer to be protected by 
lightning arresters. These remarks apply in the first 
place to the transmission of impulse voltages, but it 
is clear at a glance that if a secondary winding is 
adequately protected against the effects of the trans- 
mission of such voltages, there should be little to 
fear from switching surges. For the high-frequency 
part (restrikes) the same remarks apply as for im- 
pulse voltages, whereas the medium-frequency parts 
are only transformed in proportion to the turns 
ratio. Nevertheless it is advisable to point out that, 
according to the definition, the secondary of the 
transformer is unloaded; therefore overvoltage pro- 


tection directly at the secondary terminals is essential. 


Overvoltage Protection 


For a long time it was customary, when designing 
the overvoltage protection in electric transmission 
systems, only to entrust lightning arresters with the 
protection against atmospheric overvoltages, stipu- 
lating that they should not respond to service-fre- 
quency voltage increases or even medium-frequency 
switching overvoltages. For this reason the majority 
of regulations covering arresters only specify mini- 
mum values of the 50-c/s sparkover voltage. Re- 
cently though, in connection with the efforts being 
made to lower the insulation level, there is a certain 
tendency to reverse this policy, in that arresters 
are being increasingly used to protect against over- 


voltages of non-atmospheric origin. Thus, VDE 
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specifications, for instance, are now stipulating the 
maximum 50-c/s sparkover voltage [1].° 

There is not the least reason why lightning arrest- 
ers should not be employed to afford protection 
against inductive surges, such as are produced when 
unloaded transformers or reactors are disconnected. 
The explanation for this is that the energy stored 
in a transformer at no-load is so small that there is 
no risk whatsoever of the arrester connected to it 
being overloaded. 

Capacitive surges, however, are quite a different 
matter. The regulations, of IEC [2] for instance, 
stipulate that the arresters normally used in h.v. 
systems and having a rated discharge current of 
10 kA with an 8/20 waveshape, must be able to with- 
stand a rectangular current wave with a peak value 
of 150 A, lasting 2000 us. This corresponds to a charge 
dissipation of 150 x 2000 x 10-° = 0-3 As. Now there 
is not the slightest doubt that in h.v. systems, especially 
those containing cable sections, much higher charges 
can be expected. For example, a 10 km length of 
220-kV cable with a capacitance of 2 uF and charged 
to a peak voltage of 650 kV, corresponding to 72°% 
of the reduced impulse voltage of 900 kV, carries a 
charge of 2 x 0-65 = 1:3 As. 

The basic phenomenon of discharging a capacitive 
voltage surge may be considered with reference to 
Fig.6a. The cable or line is represented by its 
surge impedance Z and transit time 7’, the arrester 
by a spark-gap S, and the non-linear resistor F(z), 
and the supply side by the inductance L, the e.m.f. 
of the latter being of minor importance for the 
present considerations. A concrete example was 
calculated, assuming a 10 km length of 220-kV 
cable with a surge impedance of Z = 45 Q, a tran- 
sit time of 7 = 90 us, and charged to 600 kV, was 
discharged through an arrester type HDF 175s, 
with a sparkover voltage of 600 kV. 

When the potential of the cable reaches the spark- 
over voltage of the arrester, the current begins to 
flow in the non-linear resistor of the arrester. Im- 
mediately following sparkover, the voltage of the 
arrester drops to a value determined by the voltage 
distribution of Z and R(i). This is illustrated in 
Fig. 6b. 


® The figures in square brackets refer to the bibliography at 
the end of the article. 
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Fig. 6a. — Equivalent diagram for calculating the current in 
an arrester when a cable discharges 


Z = Surge impedance of the cable 
! = Length of cable 
T = Transit time of cable (one-way) 
R (i) = Non-linear resistor 
S'= Spark-gap 


L= Inductance of supply system 
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Fig. 6b. — Current-voltage characteristic of the arrester (1) 
and the cable (2) 


U,, = Sparkover voltage of the arrester 
U= Voltage 
i = Current 
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Fig. 6c. — Calculated discharge current from a 10-km length 
of 220-kV cable charged to 600 kV peak, discharging through 
an arrester type HDF 175s 
Transit time (one-way) T= 90 Ls 

1: L =ox (infinitely weak system) 
2: L=0-155 H, corresponding to a three-phase short-circuit 
capacity of 1000 MVA at the’location of the arrester 


Suppose L is ce to begin with, which corresponds 
to a system with a very small short-circuit power. 
The discharge wave emitted by the arrester is re- 
flected at the open end of the cable and, after twice 


the transit time, causes a change in the current at 
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the arrester, as shown by Fig. 6c. A stepped current 
characteristic is produced, and the entire charge of 
1-2 As has to be discharged by the arrester. If, how- 
ever, L is not oe, a portion of the charge flows back 
to the source of supply, the current unloading the 
arrester being greater, the smaller the value of L, 
because di/d¢, the rate of rise of the current, is given 
by e/L, where e is the supply voltage and L the 
inductance. Curve 2 in Fig. 6c depicts the computed 
current curve assuming a three-phase short-circuit 
capacity of 1000 MVA at the location of the arrester. 
It will be observed that the relief to the arrester is 
quite pronounced; the charge to be dissipated drops 
from 1-2 As to 0:36 As which, although 20% above 
the figure stipulated by IEC, can still be handled 
by the arrester. 

From this example it can be seen that arresters 
are in many cases also capable of limiting capacitive 
overvoltages. Now it must be remembered that, in 
the event of restriking in a breaker, several such 
stresses are experienced in rapid succession at inter- 
vals of 1 ms or less. Under such circumstances and 
with unfavourable system conditions it is no longer 
possible to guarantee that the arrester will not be 
damaged. Hence it is advisable to employ non- 


restriking circuit-breakers at such points. 


Operational Experience 


Voltage surges caused by switchgear operation are 
the object of considerable interest at present. The 
reason is simply the desire to make sure that internal 
surges will not lead to breakdown of the equipment, 
resulting in interruption of the service and neces- 
sitating repairs. This article has endeavoured to 
show that the system elements, particularly trans- 
formers, are not exposed to harm from switching 
surges. Of course, an essential prerequisite is that 


they are correctly dimensioned, as regards both 


impulse and power-frequency test voltages. These 
arguments are fully corroborated by practical results 
(see the bibliography on page 224). This Company 
has not had a single operational fault due to switch- 
ing overvoltages. The.same is true—with an isolated 
exception, mentioned below—for the numerous 
switching tests performed in power systems. The 
only known case of failure due to switching tests is 
described in the article [3], which deals with the 
disconnection of different lengths of cable. Provided 
the voltage surges produced by the breaker were 
below the values at present held to be reasonable, 
everything was in order. Only when a very long 
cable was interrupted and the above value consider- 


ably exceeded, did the transformer break down. 


Conclusions 


Power equipment whose insulation strength has 
been confirmed by testing with impulses and at the 
power frequency, need not fear switching surges, 
provided these do not exceed the maximum values 
commonly stipulated nowadays. Lightning arresters 
are suitable for protection against inductive voltage 
surges; with capacitive overvoltages the conditions 
should be carefully studied first. At exposed points 
it is preferable to employ non-restriking circuit- 


breakers. 


(KME) M. CurIsTOFFEL 
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PERMISSIBLE SWITCHING OVERVOLTAGES AND 
DIELECTRIC TESTS 


From measurements taken inside and outside the Com- 
pany the author deduces that, for all high-voltage equipment, 
including power and instrument transformers, the minimum 
insulation strength with respect to overvoltages caused by 
switchgear operation in service can be obtained by twice 
deducting 15°% from the full-wave impulse test voltage, there- 
by taking into account the longer duration of the stress and 
the possibility of ageing. Provided suitable precautions are 
taken to keep the switching overvoltages below the limit thus 
given, there should be no fear of damage to properly dimen- 


sioned equipment. 


HE wave-forms of switching overvoltages were de- 

scribed in the first article in this issue (page 195). 
Fig. | reproduces the main variants once more and 
indicates the idealized half-wave having the same 
peak value. Thus it will be seen that the surge when 
interrupting low inductive currents, for instance, can 
be represented by a half-wave of !/599 s duration. 
This kind of half-wave, with the same peak value, 
would impose an almost equally severe stress on the 
equipment. Analogously the surges when interrupt- 
ing capacitive currents can be represented by a half- 


wave lasting !/j99 s (Fig. 1d). 


Stresses Imposed on Electrical Equipment 
by Switching Overvoltages 


The question to be studied here is the extent to 
which switching surges represent a severe stress or 
even danger to the electrical equipment, the latter 
covering not only transformers and switchgear, but 
also the insulation of the parts connected to them, 
i.e. busbars, feeders, instrument transformers, and 
so on. All these are subjected to the transient and 
raised by oscillation to a high potential. Even with 
switching surges, provided restriking does not take 


, 


621.316.5.015.3: 621.317.333.6 


place, the voltage distribution in transformer wind- 
ings is almost linear. The potential difference be- 
tween two points on the winding is then proportional 
to the number of turns between them, as in steady- 
state operation, and the stresses imposed on the coil 
or layer insulation are negligible. Under these cir- 
cumstances it is indeed only possible for the line 
end of the transformer winding (bushing, end clear- 
ance and adjacent main insulation) and such other 
elements as are between the transformer and the 
breaker to be exposed to any risk of flashover or 


breakdown. 


1/100s — - 
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Fig. 1. — Various forms of overvoltages 


Comparison with representative voltage half-waves lasting 0-002 
and 0-01 s 


a: Transformer voltage u,7, disconnected at no-load with re- 
striking 
b: Transformer voltage u,7, disconnected at no-load without 
restriking 
c: Overvoltage u,7 in feeding system when an inductive or 
capacitive current is interrupted without restriking 
d: Overvoltage ug during and after restriking on the disconnected 
side of a capacitive element 
h = Representing voltage half-wave 
u,, = Driving (system) voltage 
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Fig. 2. — Diagrammatic comparison of circuit for testing with 
chopped-wave impulse and with restriking in the breaker 
a: Chopped-wave test 
b: General circuit diagram for restriking in the breaker 


c: Diagram corresponding to case ‘g’ in Fig. 7, page 214 


A= Source of supply 
Y = Impedance being tested, or stressed 
F = Spark-gap 
S' = Circuit-breaker 

Y,, Y, = Impedances between breaker terminal and Y 

1,, ls = Inductances of short line sections between breaker and 
disconnected part of system 

L,, GC, = Inductance and capacitance of feeding system 
C = Capacitor bank 
u, = Voltage to earth of live breaker terminal 
U, = Voltage to earth of disconnected breaker terminal 


When restriking takes place in the breaker, how- 
ever, conditions become altogether different. The 
phenomenon has a similar effect to chopped-wave 
impulses on the transformer, when the voltage, 
having attained a high value, is made to collapse 
by a special chopping spark-gap (under test con- 
ditions this usually takes place after the peak, a few 
microseconds after the start of the impulse). At the 
gap the voltage drops to zero in a period of the 
order of 10° s (see Fig. 2a). At the test object an 
oscillating transient is produced, with a frequency 
largely determined by the capacitance of the trans- 
former and the inductance of the connecting line. 
It is usually around 1-2’ Mc/s and is therefore so 
high that the whole of the voltage change, from the 
peak value of the test voltage to the opposite peak 
of the overswing can almost be considered as a 
rectangular surge as far as the phenomena in the 
transformer are concerned. The brief surge, of the 
magnitude of a total change equal to the sum of the 
two amplitudes, causes severe transient oscillations 
in the winding concerned, their shape varying with 
the constructional features of the transformer. Thus 
the potential differences between adjacent points on 
layer windings, which have a good behaviour on 


impulse, are quite modest. In contrast, with a 
homogeneous coz winding, the well-known distribu- 
tion is obtained, with concentration of the greater 
part of the total voltage across the initial part of 
the winding. Unless special precautions are taken, 
the resultant stresses on the turns and coils can be 
very severe under such circumstances. 

In the worst case a restriking breaker, according 
to equations (1) and (2) on page 196, produces an 
abrupt change of voltage at the input end of the 
winding, approximately equal to twice the voltage 
across the breaker. Compared with the chopped- 
wave test, the effect on the winding is somewhat 
less severe because, unlike the test impulse, the 
voltage change is not effected directly at the trans- 
former itself, but a certain distance away—at least 
10 m—and therefore the phenomenon does not 
strike the winding quite so suddenly (see Fig. 2 b 
and c). The frequency of the decay oscillation, 
however, is less, so consequently the duration of 
the overswing and the voltage stress is prolonged, 
and this may help to increase the stress on the 


winding insulation. 


Test Voltages 


The deciding factor is the magnitude of the 
overvoltage experienced. If it remains far enough 
below a voltage of comparable nature, at which 
the object was tested on completion of manufacture, 
to ensure that it fulfilled certain specifications, the 
stresses resulting from breaker interruption may be 
deemed harmless. On the other hand, if the over- 
voltage nearly attains the test figure, the question 
of whether the object is adequately safeguarded 
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Fig. 3. — Oscillogram of the half-wave test voltage 


t= Time 


~~~ 
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TABLE TI 
IEC test voltages for systems with reduced insulation (effectively earthed neutral ) 
Maximum IEC test voltages! Chopped-wave 
system voltage Power-frequency | With 1/50 impulse impulse /3 Up~ 3 Up 1/50 
ees Up~ Up 1/50 1-15 Up 1/50 Le lt U es /z U. sr. 
~ max s . 
kV kV kV kV “ 
123 185 450 520 2-60 4-47 
145 230 550 630 2:75 4-65 
170 275 650 750 2-80 4-68 
245 395 900 1050 2:79 4-50 
300 460 1050 1210 2-66 4-29 
420 630 1425 1640 2-60 4-16 


1 For power-frequency voltage, r.m.s. values; for impulse, peak values. 


against flashover or breakdown in service must be 
carefully investigated. As readers will know, every 
item of h.v. equipment has to withstand a voltage 
roughly equal to three times its maximum admiss- 
ible sustained phase-to-neutral voltage for a period 
of 1 minute. In many cases a further test with a 
full-wave 1/50 impulse, or even with a chopped- 
wave impulse, is stipulated. The details of these 
tests are laid down by national regulations, and in 
many cases by IEC recommendations. The latter, 
for example, visualize uniform values for the one- 
minute power-frequency voltage and the 1/50 im- 
pulse voltage for all equipment, i.e. transformers, 
switchgear, insulators, bushings, cables, etc., for use 
at the higher service voltages (see Table I). 

Another column of the same table shows the 
figure of 1-15 times the full-wave peak, which 
roughly corresponds to the increase in the flashover 
voltage of external insulation under the influence of 
surges chopped after a few microseconds. If a 
chopped-wave impulse test is visualized at all, this 
figure is often specified for the amplitude of the 
test shot. The last two columns of the table show 
the ratio of the test voltage to the maximum service 
voltage (phase-to-neutral). For impulse tests the 
factor is between 4:68 and 4°16, slightly tailing off 
at the higher voltages. 

Voltage tests after completion of an object, before 
delivery to the customer, are intended to subject 


it to stresses of a severity not likely to be experienced 
again in service. It is the task of the power company 
to keep the maximum possible overvoltages in their 
system down to a certain level by taking such pre- 
cautions as may be necessary, thus ensuring that, 
under no circumstances, are the various items of 
equipment likely to experience voltages whose pos- 
sible frequent recurrence might lead to a breakdown. 
In doing so they must also make allowance for a 
slight reduction in the insulation capacity as time 
goes by, due to ageing, contamination, absorption 
of moisture, and other effects which are not so well 
known. 

The task of the manufacturer is to investigate 
whether the conventional tests—at service frequency 
and with impulse—can be considered adequate 
simulation of all stresses likely to be encountered in 
service in power systems, especially those resulting 


from switchgear interruption. 


Tests with Simulated Switching 
Overvoltages 


A number of articles have been published on the 
subject of the strengths which high-voltage equip- 
ment may be expected to exhibit in the face of 
switching overvoltages, giving a comprehensive pic- 


ture of this field. Twenty years ago Brown Boveri 
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TABLE II 


Impulse factors referred to the I-minute power-frequency test voltage for oil-insulated arrangements on impulse and 


subjected to switching overvoltages (according to [4] ) 


Arrangement 


Impulse factors with 


Rod gap, 76 mm wide . 
Two leads 14/18 mm dia. tied together . 


Lead to parallel plate, clearance 12-5 mm 


of oil gap 


Two parallel leads, spaced 50 mm apart with wooden blocks 


Lead to parallel plate, clearance 300 mm . 
The same, but with creepage path in oil 


Two parallel plates with bent edges, clearance 50 mm 


The same, but with creepage path across insulating surface instead 


Standard impulse CPi ia. - 
positive negative positive negative 
1-33 1-72 w 15 1:5 
1-44 1-45 — 1-45 
1:93 2:16 1-89 2:18 
1-95 1-75 1-89 TES 
~- 1-37 — 15 
— 1-44 —- 1:37 
— 1-69 a E53 
2:53 2-4 1-9 1-86 


had already rendered an important contribution, 
and have recently published an up-to-date report 
on such measurements. One of the very first publi- 
cations in this sphere is that of Wanger and Huber 
[1], which contains measurements of flashover volt- 
ages on different kinds of supporting insulators, 
suspended strings of insulators, also spark-gaps, in 
particular in the region between the standardized 
impulse test and normal power-frequency voltages. 
The wave-shape of the impulses were varied; in 
some cases a half-value time of 1000 us was chosen, 
and in others a rise time of 250 us. Still longer 
times were obtained by cutting out one or more 
half-cycles from a basic 50-c/s voltage by means of 
a special switching device. Depending on the nature 
of the insulating path either no difference was ob- 
served, or at the most a very slight reduction when 
the stresss was applied for 1-10 ms, compared with 
the standard impulse on clean insulators. Measure- 
ments taken by Bellaschi and Rademacher [2] at 
voltages up to a peak value of 900 kV employing 
a damped oscillation (free oscillation by a trans- 
former, on the primary side of which a capacitor 
was discharged) applied to a suspended insulator 
string, a rod gap, a bushing, a 25-mm gap immersed 


1 The figures in square brackets refer to the bibliography at 
the end of the article. 


in oil, and point-to-plane in oil, led to the result 
that, in the majority of cases, the electric strength 
with respect to simulated switching overvoltages 
amounted to 90-95% of the value obtained with 
the standard impulse. In subsequent American 
publications the main stress is laid on the capacity 
of the materials and layouts employed in the con- 
struction of transformers to withstand stresses. ‘Tests 
carried out on models of the end clearance of power 
transformers and oil-immersed instrument  trans- 
formers indicated the probability of their being 
able to withstand switching overvoltages at least 
25%, higher than the power-frequency test voltage 
[3]. Particularly convincing were the results of in- 
vestigations carried out in the High-Voltage Labo- 
ratory of the General Electric Co. [4], due to their 
broad scope and the meticulous care taken. Test 
voltages with peak values up to 1100 kV were 
employed; standard impulses, surges with a slow 
rise (100 us), impulses chopped before reaching the 
maximum due to flashover on the test object or on 
a special spark gap, impulses with a long tail 
(rectangular), 1/1-7 ms impulses, and 60-c/s voltages 
lasting 1 min. For a series of model arrangements 
which are frequently employed, Table II above 
summarizes the most important results. The ampli- 


tude factors given therein represent the ratio of 
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the peak breakdown or flashover voltage on im- 
pulse, or due to switching overvoltage, and the 
l-min power-frequency voltage. 

As can be seen, the breakdown voltage in the 
l-ms region is roughly 1-4 times the l-minute volt- 
age; but in most cases the switching overvoltages 
which can be withstood are appreciably higher. 
Compared with standard impulses, the values are 
mostly lower. 

In a joint investigation carried out by a number 
of high-voltage laboratories in Western Germany, 
switching overvoltages were simulated by a long 
impulse with a damped 5-kc/s oscillation superposed. 
At test voltages up to a peak value of 400 kV the 
strength values determined in this way were com- 
pared with those obtained at the power frequency 
and by impulse tests on simple spark-gaps, insula- 
tors and bushings, as well as with bare and covered 
conductors immersed in oil [5]. A recent article [6] 
gave an account of Brown Boveri’s own investiga- 
tions, using the same electrode arrangement but, 
instead of a 5-kc/s test voltage, a half-wave lasting 
2 ms was employed; the latter was cut out of the 
sinusoidal wave of a 250-c/s generator and stepped 
up in a transformer. An oscillogram of this test 
voltage is reproduced in Fig. 3. The results prove 
that the half-wave voltage is a very good means 
of simulating the medium-frequency stresses caused 
by switching overvoltages, that even the generation 
of higher test voltages does not present any difficulty ; 
also that air as an insulating medium exhibits quite 
a different behaviour to oil, in that the electric 
strength with respect to switching overvoltages when 
breakdown or flashover occurs in air only differ 
slightly from the power-frequency values. Hence 
for external insulation it is not permissible to allow 
any higher figure than that obtained with the one- 
minute 50-c/s test. In ‘contrast, the strength of 
arrangements insulated with oil is notably higher 
for medium-frequency voltages; indeed, in some 
cases a slightly higher figure was obtained than on 
impulse. As a rough average, the impulse breakdown 
voltages obtained during the joint investigation per- 
formed on behalf of VDE are about 10% higher 
than those with simulated switching overvoltages. 

From previously unpublished figures obtained 
with three typical arrangements in oil, the results 


may be summarized, supplementing the foregoing 
remarks. For these tests the following objects were 
used ; 


a. Wire sample: two lengths of flat paper-insulated 
wire, held parallel in the middle part and splayed 
at the ends, insulation 1-3 mm thick, clearance 
in the parallel part 5 mm (Fig. 4a). 


b. Longitudinal sample: loops of the same wire as 


6699 


in “a”, standing edgewise and 30 mm apart on 


a slab of transformer board (Fig. 4b). 


c. Circular sample: a metal cylinder surrounded by 
a wrapping of paper 2:5 mm thick, acting as one 
electrode, and an insulated ring of flat wire op- 
posite one rounded end of the cylinder, as the 
other electrode, an oil-gap of 15 mm being pro- 


vided between the two. 
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Fig. 4. — Arrangements tested 


a: Wire sample 
b: Longitudinal sample 


c: Circular sample 
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TABLE III 
Breakdown voltage U, of oil-insulated arrangements. on impulse and with half-wave stresses 
A Reduction 
verage 
U AME compared 
Type of sample Number Test voltage B Pa with 1/50 
3 impulse 
kV kV of, 
Wire, 5 mm oil gap 30 Impulse 1/50 280 6-9 — 
47 Half-wave 250 c/s 245 9:8 12:5 
Longitudinal, 30 mm 14 Impulse 1/50 628 16:7 = 
15 Half-wave 250 c/s 550 14-4 12-4 
Circular 21 Impulse 1/50 aa 470 11 — 
25 Half-wave 250 c/s ... . 347 10 15-4 


All these test objects were dried and impregnated 
in good-quality insulating oil, using the same pro- 
cedure as for high-voltage transformers; they were 
not removed from the oil bath until breakdown had 
occurred. During the test the voltage was raised in 
steps of 4%, starting at half the anticipated value. 

The breakdown voltages measured are listed in 
Table III above. The deviation of individual meas- 
urements from the mean was small all round, as 
may be gathered from the figures shown for o. The 
results may therefore be considered very reliable. 

Another fact which may be deduced from these 
measurements is the good agreement with those of 
the previously mentioned investigations, namely 
that when oil-insulated arrangements are stressed 
by voltages such as might be produced by the dis- 
connection of a transformer, the insulation strength 
is of the order of 85 to 90% of the figure obtained 
with standard impulse tests. 

Even though the majority of the test voltages in 
these investigations only reached quite moderate 
amplitudes, so that the results are at present only 
applicable to equipment for not unduly high rated 
voltages, besides which the arrangements in practice 
are often more complicated than those tested, it 
ought to be justifiable for the minimum withstand 
voltage of finished transformers to be estimated from 
the results of measurements on models. Here the 
one-minute test voltage could be taken as a starting 
point, utilizing the knowledge that the resistance to 
switching overvoltages is at least about 40% higher. 
Alternatively the full-wave 1/50 impulse test volt- 


age U, can be taken as the basis, allowance being 
made for the somewhat longer duration of the stress 
in the case of a freely oscillating voltage by deduct- 
ing 15%. When restriking occurs, however, the 
conditions as regards to the rapid change when the 
voltage collapses are quite comparable, without any 
correction, to those when testing with a chopped 


wave of the same magnitude. 


Insulation Strength 
of the Material and Maximum Permissible 
Switching Overvoltage 


Before the maximum peak voltage permissible in 
service can be stated, it is necessary to specify the 
safety margin from a minimum withstand voltage, 
which must be proved by a particular test. In the 
upward direction this depends on the extent of a 
possible weakening of the insulation due to ageing 
or the repetition of severe electrical stresses; in the 
downward direction on the mode of operation of 
the overvoltage protection, i.e. the reliability with 
which voltages higher than foreseen are avoided. 
As regards the latter point, the conditions for switch- 
ing surges are far more favourable than for over- 
voltages of atmospheric origin. Both with the simple 
rod or horn type of spark-gap and with the efficient 
lightning arresters which have been developed to 
such perfection in recent years, the sparkover value 
for non-atmospheric overvoltages is very close to 
the rated value under all conditions. With lightning 
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TABLE IV 


Maximum value for switching overvoltages 


Maximum admissible switching overvoltages (peak) 


Maximum service voltage Based on 


Umax impulse test 
U, = 0:85 x 0°85 x Us, 1/50 
kV kV 
123 325 
145 397 
170 470 
245 650 
300 760 
420 1030 


discharges having a high rate of rise, simple spark- 
gaps permit still higher voltages at the protected 
object. Neither is there any reason to fear reduction 
of the insulation strength during service. Experience 
has shown that the short-time strength of insulating 
material in general is not reduced appreciably by 
repeated high stresses, nor possibly by ageing or 
deterioration with power-frequency overvoltages. In 
some cases such an effect is lacking altogether, for 
example in gaseous or liquid media, or when break- 
down occurs without any preliminary discharge. In 
others a logarithmic relationship can be determined 
between the remaining strength and the number of 
stresses. For instance, in laboratory tests on paper- 
insulated wire test objects immersed in oil, a drop 
of 12% in insulation strength was observed after 
a total of 50 shots. But in service it is hardly likely 
that such severe stresses would be imposed so fre- 
quently within such a short time, therefore their 
cumulative effect is not experienced. Thus, after 
each severe stress by a high voltage the full insula- 
tion strength should be almost regained in the 
majority of cases. 

Hence for practical requirements it ought to be 
perfectly adequate to restrict the maximum admis- 
sible service switching overvoltage to 85% of the 
minimum withstand voltage of the equipment when 
new. Table IV shows the resultant values following 
the twofold deduction of 15°% (once for ageing, etc., 
and once for the longer duration), which work out 


Based on 

chopped-wave impulse oe /3U, 
Us = 0-85 x 1:15 x Up 1/50 Bt eae 
kV + bia 

440 3-23 

538 3-34 

635 3°38 

880 3-24 

1030 3-10 

1395 3-00 


at practically 72°%, of the impulse test voltages for 
the material. The last column gives the overvoltage 
factor k as the ratio of the maximum switching 
overvoltage to the maximum phase voltage. As a 
rough average k proves to be around 3-25, although 
a slightly lower figure should be allowed for e.h.v. 
systems.” Higher overvoltages exceed the permissible 
level and approach the minimum withstand voltage 
in the new state. They should be avoided by taking 
special precautions, primarily by limiting the over- 
voltages at their origin. 

The insulation strengths for restriking overvoltages 
calculated on the basis of the test values with chopped 
waves (third column in Table IV) are a good deal 
higher than would be permissible if allowance were 
only made for the preceding medium-frequency rise. 
Consequently restrikes in the breaker are incapable 
of causing faults in properly designed transformers. 
For all other high-voltage equipment—having no 
windings—they represent no hazard whatsoever. 

It may therefore be claimed that sufficient evi- 
dence has been brought to prove that, provided the 
maximum switching overvoltages which can occur in 


a power system are limited to a reasonable figure, 


2 Here k is referred to the maximum admissible service (phase) 
voltage and not, as is’often found, to the rated voltage of the 
insulation (Reihenspannung as per VDE, insulation class as per 
ASA). Owing to the 15% difference between the two, the 
numerical value of the hereby defined overvoltage factor is 
about 15°% lower than the figure obtained with the other defi- 


nition. 
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there is little risk of their harming transformers— 
which demand particular care—and certainly no 
real risk to other electrical equipment, provided it 
is correctly designed. Consequently this Company 
takes the view that there is no need to test the equip- 
ment with a stress resembling the switching over- 
voltage. The information given in the present article 
permits the minimum withstand voltage to be esti- 
mated with sufficient accuracy. If, despite this, it is 
not possible to gain a clear picture of the behaviour 
of a particular arrangement when developing a new 
design, the true strength of this element could always 
be determined by itself in a model test with any 


desired approximation. 


Conclusion and Proposal for Limiting 
Switching Overvoltages 


The stresses to which electrical equipment is sub- 
jected and its behaviour in the face of switching 
overvoltages have to a large extent been physically ex- 
plained and can often be predicted reasonably accu- 
rately. Restrikes ought not to harm properly de- 
signed transformers. 

When choosing the circuit-breaker care must be 
taken to ensure that the highest values attainable 
by switching surges do not exceed 72°% of the im- 
pulse test voltage. Then all system elements are 
adequately protected, both to earth and with respect 
to stresses inside the winding. 


Special tests to prove the ability to withstand 
switching overvoltages do not appear to be neces- 
sary ; the conventional tests with the power-frequency 
voltage and with a full-wave impulse should be quite 


enough for type tests. 


(KME) B. GANGER 
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PROGRESS IN THE MEASUREMENT OF VERY HIGH, 
RAPIDLY CHANGING IMPULSE VOLTAGES 


The author reviews the comprehensive development work 
which has been carried out in the sphere of measuring impulse 
voltages, with particular reference to with steep-front waves 
and to a series of very accurate arrangements for measuring 
impulses up to 2-3 MV. The determination of the error and 
calibration of systems for measuring impulse voltages were 
investigated theoretically and experimentally, revolutionary 
calibration methods and test equipment being devised as a 


result. 


Fundamentals of the Measurement 
of Impulse Voltages 


HE CONTINUALLY increasing voltages at 
which e.h.v. power lines are being operated 
are repeatedly imposing new requirements on 
measuring methods and equipment. In many coun- 
tries 380-kV systems are already in service; in others 
the problems of transmission at still higher voltages, 
e.g. 500 or 650 kV, are being seriously discussed. At 
the same time as the rated transmission voltage, the 
test voltages, including the impulse voltages, are also 
increased. The ability to measure the latter as accu- 
rately as possible is most important because over- 
stressing the h.v. equipment on test due to the indi- 
cated voltage being too low, or due to simulation 
of higher test voltages than really exist, should be 
avoided. 

Attention was particularly devoted to the measure- 
ment of very high, rapidly changing impulse volt- 
ages, subsequently referred to as steep-front waves. 
Whereas the peak values of full-wave and _tail- 
chopped impulses can be measured very accurately 
(error +1%) by careful design of the circuit, the 
measurement of steep-front impulses can be accom- 
panied by appreciable errors if the behaviour of the 
measuring systems under such circumstances is not 
taken fully into account. The extent and the signif- 


621.317.32.015.3 


icance of the problem can be estimated from the 
results of experiments suggested by the High-Voltage 
Committee of CIGRE (International Congress on 
Large Electrical Networks) in 1953, and carried out 
in a number of laboratories [1].1 The 50° -flashover 
voltage for the standard 1/50 impulse, as well as 
for impulses chopped in the front at chopping times 
up to 7’ = 0-5 us, were measured with a 250-mm 
sphere gap. Whereas the individual flashover volt- 
ages agreed very well—the amount of scatter of the 
measurements was less than 1°%—measurement of 
impulses chopped in the front after 0-5 us yielded 
inadmissibly high deviations of 20—30°%, most of 
which could not be traced back to the usual scatter 
factors. The obvious step was to seek the reason for 
the widely differing measurements in the measuring 
system itself. It was necessary to account for the 
error because the impulse voltages in question were 
quite modest—200 to 300 kV—so that at higher 
figures, unless a remedy could be discovered, the 
deviation could be expected to be still greater due 
to the area over which the measuring equipment 
was unavoidably spread. 

The importance and extent of the problem was 
also recognized at an early stage by Brown Boveri, 
and exhaustive theoretical and experimental inves- 
tigations were undertaken in two principal directions. 
On the one hand, methods were developed for the 
precise mathematical derivation of the error in the 
system when measuring steep-front waves, with cor- 
responding calibration equipment to determine them 
experimentally. On the other hand, by studying the 
effect of the individual elements of a impulse test 
circuit, new, very accurate systems were evolved 


which were particularly suited to the measurement 


1 The figures in square brackets refer to the bibliography at 
the end of the article. 
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Fig. 1. — General arrangement of an impulse circuit 
a: Impulse generating equipment b: Measuring system 


C, = Impulse capacitance 
R, = Discharge resistance 
R,= Damping resistance of impulse generator 
C;, = Load capacitance 

P=Test object 

T = Voltage divider 
M = Measuring cable 
R, = Terminating resistance of cable 

Z = High-voltage lead 

O = Oscillograph 


Between | and 2: Voltage input to measuring system 
Between 3 and 4, or 5 and 6: Output voltage 


of steep-front impulses. This development led to 
arrangements with screened ohmic dividers or, for 
certain special measurements, with low purely ohmic 
dividers which, in conjunction with the proved 
system employing capacitive voltage dividers used 
for measuring full-wave and tail-chopped impulses, 
offers a complete guarantee for the accuracy of 


measurements of impulses up to very high voltages 
indeed. 


Theory 


An impulse measuring system normally consists 
of a voltage divider with a h.v. lead to the test 
object, leads to the recording instrument—in most 
cases an oscillograph—and the latter itself. Since 
only the shape of the voltage wave at the test 
object has to be measured, and not the voltage drop 
in the lead between the impulse generator and the 
test object, the measuring system is located after 
the object, seen from the generator (Fig. 1). Where- 
as, in previous investigations, the main source of 
error was considered to be the voltage divider, an- 
other approach is necessary for the measurement 
of steep-front impulses: 

The entire measuring system should be treated 


as a quadripole, whose input voltage is between lead 
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and earth (points 1 and 2 in Fig. 1) while the out- 
put voltages at the low-voltage tapping of the divider 
(points 3 and 4), or the deflector plates of the oscil- 
lograph (points 5 and 6). 


Modern trends in the construction of voltage divid- 
ers run parallel to this development. As long as only 
the divider was considered a possible source of error, 
the purely capacitive divider held the reputation of 
being ideal for the measurement of impulse voltages, 
because its ratio is independent of frequency. In 
this respect it is not difficult to comprehend the 
efforts to compensate for the effect of the capacitance 
to earth of ohmic dividers by connecting capacitors 
in parallel with the resistance, thus producing a 
divider which, though nominally mixed, functions 
in practice as a capacitive divider [2]. Furthermore 
an attempt was made to eliminate, as far as possible, 
the influence of the capacitance to earth of ohmic 
dividers by equipping them with screening electrodes 
[3, 4]. These measures were only successful with — 
systems for measuring moderately high impulse 
100 kV_ peak. 
and Provost [5] adopted a different approach by 


voltages up to about Goossens 
adapting the resistance distribution of ohmic dividers 
as accurately as possible to the capacitive distribu- 
tion between electrode arrangements, thus endeay- 
ouring to eliminate the influence of the capacitance 
to earth of the resistor column. Investigations into 
the influence of the voltage divider on the output 
voltage likewise follow a logical course, from the 
division of steady-state alternating voltages [6], via 
the reproduction of the standard 1/50 and rectangu- 
lar impulses [2, 7], to the determination of error 
with steep-front waves [8, 9]. 

When determining the error of the quadripole 
shown in Fig. 1, the task is somewhat simplified 
by the fact that the error is mainly caused by the 
high-voltage part—comprising the divider and the 
lead to it—and to a much smaller extent by the 
low-voltage part. When the output cables are prop- 
erly terminated and not too long (less than 20 m) 
and, with the excellent quality of modern cold- 
cathode oscillographs—or even hot-cathode oscillo- 
graphs—it is possible to ignore the share of the 
low-voltage side even when dealing with such rapid 
phenomena as the impulse chopped after 0-5 us 
f10- hh |: 


APRIL 1960 


THE BROWN Boveri REVIEW 


241 


Errors of the Measuring System 


To determine the error of the arrangement in 
Fig. 1, a suitable equivalent circuit diagram for the 
h.v. side must first be derived. To begin with, an 
equivalent circuit must be determined for the divider 
itself which, as is well known, can be represented 
by a chain consisting of a large number of identical 
elements. A voltage divider may be treated as a 
chain of N identical longitudinal impedances z, and 
transverse impedances z, (Fig. 2). If a unit step- 
function U,, = U (1), is applied to the h.v. input of 
the divider, the voltage U,(t) at the output is 


given by 
Set FOS: 
sinh — |/— 
Z, 
opr eae ae (1) 
on Zt 
sin Z, 


where Z,; = Nz, and Z, = z,/N. 

The transverse impedance of a chain element is 
given by the capacitance to earth c,; the longitu- 
dinal impedance z, generally comprises a resistance 
r, an inductance / and a series capacitance c, in 
parallel with which is the inherent capacitance ¢, 


of the element. 


In operational form equation (1) may be written as 


] 
(R+L-p+ G5) Cet 


: n 
sinh i 
1+ (R4L-p+ a5) -Cop 
U,(p) =U- 
R+L-p+ ] C.-p 
sinh | Cp 
1+ (R+L pte ] Co: p 
(2) 
with iV as I= NE ol; 
1 1 N 
C= > % Cy = Wy 0 CoN 6. 


The general diagram as in Fig. 2 can be simplified 
further because for all voltage dividers the induct- 
ance L can be ignored owing to the non-inductive 
design of the capacitors and the resistance winding. 
Moreover, for the ohmic part C ~ ~ and I/Cp ~ 0; 
for the capacitive divider R = 0. Assuming a cor- 
rectly compensated mixed divider, whose capacitive 
and ohmic potential distributions are equal, and a 
capacitance to earth which is very small compared 
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Fig. 2. — Element of the voltage divider, which may be repre- 
sented as a chain system 


1 = Inductance 
r = Resistance 
c = Longitudinal capacitance 
Co = Parallel capacitance 
c¢, = Capacitance to earth of one element 
z, = Longitudinal impedance 
Z, — Transverse impedance 


with the parallel capacitance (C, < Co); also assum- 
ing the screened ohmic divider has a resistance wind- 
ing matching the capacitive potential distribution 
of the screening electrodes, we obtain the equivalent 
diagrams shown in Fig. 3a—d for the ohmic, the 
capacitive, the mixed and the screened ohmic di- 
viders, respectively. These equivalent circuit com- 
posed of concentrated elements, on the application 
of a unit step-function uy (t) = U(1), at the hiv. 
input, yield the same resultant voltage w,(¢) at the 
output as the chain diagram of the corresponding 
dividers. In order to arrive at the complete equiva- 
lent diagram for the high-voltage divider of a 
measuring system like that in Fig. 1, we must also 
take into account the input lead and, if provided, 
the damping resistor Rj. 

Up to now it has been usual in the literature to 
represent the h.v. lead in the equivalent circuit 
diagram by concentrated inductance L, the magni- 
tude of which can be reasonably accurately deter- 
mined from the inductance of an overhead line 
with /, = 1:25 pH/m. But in reality this lead is a 
complex electrical arrangement of split longitudinal 
inductance /, and capacitance to earth c_, of negligible 
resistance r,, to which must be added the mutual 
capacitances cl to adjacent objects, i.e. mainly the 
test object and the divider (Fig. 4). 
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Fig. 3. — Equivalent circuit diagrams 
Sor voltage dividers 
uy (t) = Input voltage 
u, (t) = Output voltage 


a: Ohmic divider 
R, = Resistance of h.y. part 


R, = Resistance of l.v. part 
C, = Capacitance to earth of resist- 


BROWN BOVERI 
ance column 


b: Capacitive divider 

C,, = Capacitance of h.v. part 

C, = Capacitance to earth of divider 
C,, = Capacitance of ].v. part 

C= Reduced h.v. capacitance 


Exhaustive investigations into the effect on pre- 
diction of the error of an impulse measuring system 
of neglecting the capacitance to earth of the h.v. lead, 
from which only the final result shown in Fig. 5 is 
reproduced [12], indicate that, even when measur- 
ing very rapid surges, it is permissible to employ 
the simplified representation of the h.v. lead as a 
concentrated inductance L. Fig. 5 shows the limiting 
chopping time 7’, for a linear steep-front impulse 
in terms of the divider capacitance C, and the ratio 
C/C, of the equivalent capacitance of the divider to 
that lead, for which the simplified representation 
has already been permitted. Hence, according to 
Fig. 5, this is justified for steep-front waves chopped 
after 0-5 us, even for measuring systems in which 
the equivalent capacitance of the divider is small 


and practically equal to the capacitance of the h.v. 
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Fig. 4. — General equivalent circuit diagram of the h.v. lead 


P= Test object 

T = Voltage divider 

l, = Inductance per unit length 

c, = Capacitance per unit length 

cl = Mutual capacitances of the lead to test object and divider 


c: Mixed divider 

Co, = Capacitance of h.vy. part 
R, = Resistance of h.v. part 
Co, = Capacitance of l.v. part 
R, = Resistance of l.v. part 


116517-1 


d: Screened ohmic divider 

C, = Capacitance of the screening 
Rg, = Resistance of the h.v. part 
Ry, = Resistance of l.v. part 


lead. When the divider capacitance C is large com- 
pared with that of the lead C,, the simplified repre- 
sentation of the lead is permissible for still shorter 
chopping times than T = 0-5 us. 

At this point it is perhaps advisable to stress that 
the above simplification and neglecting the individual 
parameters both of the divider and the h.v. lead, 


as discussed so far, only refer to the theoretical de- 
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Fig. 5. — Limiting chopping time of linear steep-front waves 
permitting the simplified representation of the h.v. lead as a con- 
centrated inductance 

T, = Limiting chopping time 
C = Equivalent capacitance of voltage divider 
C, = Total capacitance to earth of h.v. lead 
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termination of the error from calculated or measured 
quantities for an impulse measuring system. When 
the latter is calibrated in the laboratory, all the 
small factors which have so far been neglected are 


naturally taken into account in their entirety. 


Fig. 6 is the general equivalent diagram for the 
measuring systems employing the voltage dividers 
shown in Fig. 3a—d. u,(t) is the voltage applied to 
the measuring system, w(t) that tapped off the lL.v. 
output. In order to simplify and standardize the 
present considerations still further, instead of ug (t) 
we introduce the standardized voltage wg, (t), re- 
duced to the h.v. side of the divider, given by the 


divider ratio at a d.c. voltage of wy as follows. 


(3) 


thus making it possible to omit the l.v. part of the 


Ug, (t) = Uy (t) + Up 


dividers shown in Fig. 3a—d. 


The general equivalent diagram in Fig. 6 thus 
represents the quadripole of an impulse measuring 
system, as mentioned earlier. To determine the 
error of this arrangement with different kinds of 
applied impulses u, (¢), there are two basic methods 


which may be adopted. 


With the step-function method the error Aw can 
be determined for any input function wu, (¢) with the 
aid of the Laplace transformation or the Duhamel 
integral from the well-known reproduction of the 


arrangement with an applied step function. 


With method the 


impulse w, (¢) is resolved into harmonic components 


the _frequency-response input 
according to Fourier, and with known character- 
istics for the amplitude A(/) and phase angle ® (/) 
of the frequency response, the error is determined 
for each harmonic. Since the measuring system is 
linear, the total error can be obtained by summation 


of the errors caused by the individual harmonics. 


Whereas the step-function method is already com- 
monly used for the measurement of impulse voltage, 
there is no record of any method being used for 
direct determination of the error from the frequency 
response of the measuring system. This is partly 
due to the difficulty of determining the phase angle 
of the measuring system with sufficient accuracy in 
a given frequency range. 
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Fig. 6. — General equivalent circuit diagram of a system for 
measuring impulse voltages 


L = Inductance of the input (h.v.) lead 
R, = Series resistance 
C = Capacitance to earth of divider 
Ry = Parallel resistance 
u, (t) = Input voltage 
Uy) (t) = Standardized output voltage 


First we have to derive the theoretical fundamen- 
tals of the step-function method and the newly 
developed frequency-response calibration method 
for determining the error of an impulse-measuring 
system and then, from the results of practical meas- 
urements, confirm the correctness of the two meth- 


ods, which lead to identical results. 


Step-Function Method 


It is a well-known fact that the output voltage 
Uy, (t) of a quadripole composed of linear elements, 
and with the voltage u,(¢) applied, can be deter- 
mined from the step-function response w(t) of the 
quadripole. The output voltage can thus be found 
with the aid of the Laplace transformation or the 
Duhamel integral. According to the Laplace trans- 
formation the output voltage in the illustrated range 


may be expressed by 


Uy (p) = Ur (bp) P (bP) (4) 


and Us, (t) = L! [Up, (f)] (5) 
According to the Duhamel integral 
tt) = f (0) gq —y Le] do 6) 
v=t d 
or Up, (t) =| v6 — v) dp bt (v)] du (7) 
v=0 
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Fig. 7. — Step-function responses of the general measuring system 


a: Response function y(t) with overcritical damping for D? > 0 
F = Area between step-function impulse and response, repre- 


senting time constant T 


b: Damped response oscillation for D? < 0 
F = Resultant area between step-function impulse and response 
T = Chopping time of a linear steep-front wave for which the 
step-function response has already attained its steady-state 
final value 


c: Undamped response oscillation for D? < 0 
ty = Duration of one cycle of the resonance frequency /, 


When determining the step-function response y (t) 
of the equivalent circuit in Fig. 7, we must distin- 


guish between the following cases. 


a. With an over-critically damped measuring system with 


positive discriminant D? > 0 


in which, for systems actually used, k is always > / 


—k 


and e"' ~ 0. Likewise equation (8) can be 


u 
k—l 
simplified to 

t 
y(t) =l1—e"=1l—ez (10) 


in which t = 1// is the time constant of the step- 


function response. 


b. For a lightly damped measuring system with D® < 0 


Wo | ae 
—e 2 cos (@i— 
( 7) 


ee 
ew real 


y(t) =1— (11) 


(12) 


with 


For systems without any damping whatsoever (k,=0, 


R 


p = ~) 


yp (t) = 1 — cos Mot (15) 


l 


Tae (16) 


c. For a critically damped system 


eer 


y@=1-(1+-Be)-e 2 (17) 


In the measurement of impulse voltages this case 
seldom arises and will therefore not be considered 


further. 


Fig. 7a, b and c show the response y (f) to unit 
step functions applied to the general equivalent cir- 
cuit of an impulse-measuring system, according to 
(10), (11) and (15). 

Now that the step-function response y (t) is known, 
we can determine the error with a standard 1/50 
impulse, and with the particularly interesting steep- 
front waves chopped after the time 7’ in accordance 
with (4) to (7). The standard 1/50 impulse can be 


represented by the function 


4; .(t) = Ue Kes ne fo) 
K=A-0167 
oe = 10-0142 108 [sx8] 
B= 6-073 K10% [s—*] 


(18) 


in which 


The standardized output 1/50 impulse is obtained 
by employing the Laplace transformation or Du- 
hamel’s integral, as follows: 


eo eee oti eae 
gg (t) = U-K — (19) 


for a step-function response of the system as in equa- 
tion (10) with a positive discriminant. 
For the case of a damped step-function response 


according to equation (1) we obtain 


—- 
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Fig. 8. — Components of a chopped 


linear steep-front wave 


a: With infinitely short collapse time 
u, (t) = Chopped linear 
steep-front wave 
uy, (t).+.%4, (t) = Components of the 
steep-front wave 
T = Chopping time 
t= Time axis 


b: With finite collapse time 


w(¢) u(t) 
) 
t tery 


u,(t) Chopped steep-front 
wave 
Uy, (t).+-ty,,,(t)= Components of the 
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steep-front wave 
T = Chopping time 
(T,— T ) = Collapse time 


Us, (t) = U-K(e*!— 6! — pede -e 8. sin et) 
w 
(20) 


and for an undamped, oscillating step-function 


response according to equation (15) 


Us, (t) = U- K(e-*'— aes “ sin wo!) (21) 


Wo 

The error in a system with a 1/50 standard im- 
pulse is characterized by reduction of the peak value 
according to (19), or by a damped or undamped 
oscillation according to (20) or (21) superposed on 
the input impulse. When the measuring circuit is 
carefully designed, it is nowadays possible for stand- 
ard impulses up to very high values to be measured 
very accurately, the error amounting up to +1%, 
so that in this respect there are no difficulties to 


be expected. 


System Error for Steep-Front Impulses 


When measuring front-chopped or steep-front 
impulses the shape of the impulses is assumed to be 
as shown in either Fig. 8a or b. Fig. 8a shows a 
linear steep-front impulse with an infinitely short 
collapse time, which can be resolved into the three 


components, as follows: 


u,,(t) = Us Peels iT (22) 

u,,(4) = —U-1 0) geal Be at sano (23) 
pT 

Uy, (t) => _ ee pam for Te <x Ob (24) 


| oe : rn | 
a “7 ar (1) oa ee 


116522"! 


In both ‘a’ and ‘b’ the curve of the impulse voltage on the left is composed of the com- 


ponents on the right. 


The collapse of the voltage in an infinitely short 
time, as assumed therein, is physically impossible. 
Fig. 8b depicts the shape of a steep-front wave with 
a finite collapse (7 — 7’), which more nearly corre- 
sponds to practical conditions. Since the steep-front 
impulse is usually chopped by means of electrode 
arrangements under normal atmospheric conditions, 
it is permissible to substitute the duration of a spark 
discharge in air (approx. 25-30 us) as a reasonably 
close approximation to T, — T. 

The components of the chopped steep-front im- 


pulse as in Fig. 8a are: 


u(t) = Ua for Ste eos 
bx SO ae for T<t< oo (26) 
MOY Se abe iF for T<t<oo (27) 
etic. UF a4 for T,<t<oo (28) 


As regards the output steep-front impulse in Fig. 
8a or b we are primarily interested in the peak 
value, whereas the indicated collapse of the voltage, 
which is reproduced with considerable distortion 
by the measuring system, owing to its great steep- 
ness, assumes only secondary importance. As will 
be demonstrated subsequently, the system error is 
nearly always given by the initial rising part of 
the steep-front impulse and occurs at the moment 
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of chopping, i.e. when t = T. Only with measuring 
systems having an oscillating step-function response 
as in equation (15)—see Fig. 7-—and an assumed 
steep-front wave with an infinitely short collapse 
time, and chopping times of T < 0-5 us, will the 
second component w,,(t) in Fig. 8a contribute a 
small share to the total error. 

In detail, the system error with steep-front im- 
pulses is obtained as follows, using either the La- 


place transformation or Duhamel’s integral: 


t 


Us», (t) = ul _ =(I =~ “*)| 


and the error at the moment of chopping ¢t = T: 


(29) 


Au(T) = 4,,(T) — t2,(T) = 


- ua(I if c=) ae) 
because in systems for measuring impulse voltages 
the time constant t is roughly one order of magni- 
tude smaller than chopping time T which has to 
be measured. In this case the system error is only 
caused by the rising part of the linear steep-front 
impulse. 

For a step-function response according to equa- 
tion (11) (Fig. 7b), the output steep-front impulse 
as in Fig. 8a with infinitely short collapse time is 
given by 
a sin w t l 
20-6 


ae u(+ e 


ot 


) @n 


in which the second term derives from the collapse 


of the steep-front wave. On account of the different 


Fig. 9. — Transformation of linear 
steep-front impulses 


u, (t) = Input impulse 
Uy, (t) = Standardized output im- 
pulse 
Au = System error 
T = Chopping time 
t= Time axis 
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a: For a system with overcritical damping 
DO 
t= Time constant of the step- a) = Damping factor 
function response 


b: For asystem with damped response oscillation which 
has practically decayed at the moment chopping occurs 


@ = Angular frequency 


phase angle of the two parts from equation (31), it 
is customary to express the maximum possible error 
for ¢ wT. 


Au(T) =4,(T) —4,,(T) = 


“ u(= recite (32) 


l 

20? a 

The fraction 1/2@?T? is due to the continued 
charging of the capacitance of the divider by 
the voltage induced in the h.v. lead by the as- 
sumed infinitely short collapse, and only assumes 
any significance when chopping times are very short 
and w very small—i.e. in systems with a low reson- 
ance frequency. For the measurement of steep-front 
waves chopped after 7'> 0-5 us, and allowing for 
finite duration of collapse, as in Fig. 8b, the system 


error becomes almost 


-2T sinw T 


AuTi Ge meety 


(33) 
For measuring systems with an undamped oscillat- 
ing step-function response, as in Fig. 7c, the corre- 


sponding error is 


(34) 


A particularly interesting case, and one which 
should be aimed at when measuring impulse 
voltages, occurs when the damped oscillating step- 
function response as in Fig. 7b has almost decayed 
at the instant of chopping ¢ = J. The system error 


at that moment is then simply 


; sin@y U 
wl 


c: For an undamped response oscillation 


®y = Resonance frequency of 
response oscillation 
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Fig. 9a, b and c show how the linear steep-front 
impulse appears at the output, and indicate the 
system error according to equations (29), (30), (34) 
and (35), Fig. 10 shows the relationship between 
the error Au and the chopping time 7 for different 
values of the time constant t of the step-response, 
or of a,/(a>/4 + w?). 

Now, for a measuring system with an overcritically 
damped and an oscillating step response, which has 
almost decayed at the moment of chopping (see 
Fig. 7a and b), the area F enclosed by the step- 
function impulse and its response will be deter- 
mined, and its corresponding time f,. 


For a step-function response according to equation 


(10) (Fig. 7a) 


and for a response according to equation 
(Fig. 9b). 


B= t= { Se°F'. cos(wt— 9) dt = = (37) 
0 
0 


Hence, taking equations (30) and (35) into account, 
the areas F represent the error of a measuring 
system with a steep-front impulse, for which we 
are looking. 


The two equations (36) and (37) provide a means 
of carrying out the step-function calibration of a 
measuring system with steep-front impulses. A volt- 
age rising rapidly relative to the expected step- 
function response of the system has to be applied 
to the high-voltage input to the system—in fact it 
can almost be treated as a rectangular impulse— 
and the output voltage recorded on the oscillograph. 
From the area F corresponding to time ¢, so deter- 
mined we can work out the error for a linear steep- 
front impulse. For measuring systems with highly 
damped oscillating response according to equation 
(11) or (15), quantities ay and w or w, needed for 
determination of the error can also be obtained 
from the step-function response. Obviously, the error 


op 
20,0 Jie 
<Yy 
cx as 
| : 
5 2 ass 
15,0 a FRO Qs S 
AU ? 
; = 
2s, 
Pa <3 
10,0 -. eS, 
pease: 
ars 
ce 5 a 
25 
5,0 eee Ekens2 
ie ena pee 
Least es 
0 0,2 0,4 0,6 0,8 1,0 Us 1,4 
BROWN BOVERI Sel 
116524°1 
Fig. 10. — System error when measuring linear steep-front 
impulses 


Au = Percentage system error 
T = Chopping time 
t = Time constant of the step-function response of an over- 
critically damped measuring system 


for a 1/50 impulse can also be deduced from the 


parameters of the step-function response. 


Determining the System Error for Steep-Front Impulses 
from the Frequency Response of the Measuring System 


By applying the Fourier integral 


A non-repetitive function u,(t) defined over a 
period 0—T7 can be expressed in the well-known 


manner by the Fourier integral 
u, (t) hile (w) coswt + b(@) sinwt|]dw (38) 
6 


with the coefficients 


T 
a(w) = af" (€) cos w§ d& (39) 
0 
T 
and b(ov) = =f sin w& d& (40) 
0 
Substituting (39) and (40) in (38), we obtain 
co iT 
nr=— fae fu cos[w(t—€&)]d& (41) 
0 0 


248 


THE Brown Boveri REVIEW 


VOL. 47, No. 4 


0,8 


0,7 


0.6 


A (f) 


A (fo) 


0.5 


arth 


0,4 


ees Eee 


0,3 -—+ 


0,1 ie us 


Woes 


ww 
oe 
Ss) AT Ta 


2,0 3,0 4,0 5,0 


BROWN BOVERI 


116525:1 


Fig. 11. — Frequency spectra of linear steep-front waves 


Ratio of the amplitude A(f) at frequency f to the d.c. com- 
ponent A (fo) for different chopping times T. 


For a linear steep-front impulse of the form 


da 
Uy (ian ers 
= T 
u,(T) == Uf dw { 5coslo(t—8)] de 
0 0 
es l—coswT (42) 


Equation (42) represents the continuous frequency 
spectrum of a linear steep-front impulse having the 
form u(t) = Ut/T at the instant of chopping t = T. 
Frequency spectra for a steep-front wave chopped 
after 7’ = 0-2, 0-5, 0-8 and 1-0 us are reproduced 
in Fig. 11. 

Now if the amplitude ratio A(@) and phase angle 
@(m@) between the applied and standardized output 
voltage are known at the steady-state alternating 


7,0 


voltage, we obtain for the output steep-front im- 
pulse at #= T 


1 —cos[w T—9(a)] 
i Tro? ge 


us, (T)) = [0-4 


0 


(43) 


It is most convenient to solve equations (42) and 
(43) graphically by representing u,(7’) and u,, (7) 
by corresponding areas Ff, and F,. The system error 
at the moment of chopping for t = T is then given 
by 


(44) 


This method is hardly suitable for practical ap- 
plications as it relies on involved graphical evalua- 
tion. Its value lies in the frequency spectra obtained 
for linear steep-front waves, as shown in Fig. 11, 
which give a good picture of the frequency range 
covered by such impulses. 

A completely new method will now be derived, 
for which only a few harmonic frequencies and an 
easily determined correction factor are needed to 
establish the system error of a measuring system 
with a steep-front wave. 


Determining the system error by harmonic analysis according 
to Fourier of a periodic time function f(t) containing a 
linear steep-front impulse in the interval O-T 


The newly developed method for determining the 
system error from the frequency response—ampli- * 
tude A(@) and phase angle ®(w) characteristics— 
of the measuring system at only a few harmonic 
frequencies is based on the following facts. 

Firstly it will be proved that the sum of the har- 
monic sine or cosine impulse in the interval 0-T 
obtained by the harmonic analysis of a periodic 
function of time f, (¢) and f, (t), as in Fig. 12a and b, 
which contains the linear steep-front impulse be- 
tween 0 and T, is identical with the linear steep- 
front impulse. 

Also derived is that for measuring systems with 
an overcritically damped step-function response ac- 
cording to equation (10), or with a response whose 
oscillation has just decayed at the moment of 
chopping T, according to (11), i.e. for systems in 
which the error at the moment of chopping is 
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governed by the initial, rising part of the steep- 
front impulse, it will be possible to change from 
harmonic sine or cosine impulses to corresponding 
periodic harmonic oscillations for the determination 
of the system error. 

The periodic functions f,(t) and f,(t) depicted 
in Fig. 12a and b are given by 


8 hg t 
f(t) = 0) ee! sin| Qn -+1) -m- 97 
a (45) 

4 t 
f(i) = U os -> aie cos [an 1) zl} 
ag (46) 


The identity of the sum of harmonic sinusoidal 
impulses with the linear steep-front impulse in the 
same interval 0—T is effected by the identity of the 
Fourier coefficients a(@) and b(@) as in (39) and 
(40) for the steep-front impulse on the one hand, 
and the sum a*(@) and b* (@) of all harmonic sine 
impulses on the other. The proof given below is 
carried out for the analysis according to equation 
(45). 

An analogous proof can also be provided for the 
analysis according to equation (46). 


For the linear steep-front impulse 


7 


l t 
a(w) = — [ U- peosatat — 
ii. l 
= =| sine T+ op (cos T—1)| (47) 
T 
ease | Uc sin ant dt = 
a ‘ap sin w — 
é 
l ] : l 
== U| opine T— cos w T| (48) 
T oT a) 


whereas after a certain amount of intermediate cal- 
culation for the sum of all sinusoidal impulses in 


the interval 0—TJ' we obtain 


71% 


w sinw T— (—1)"(2n+1) oR 


its} 1 
= U.—.— . 
Tt > (2n + 1)? re 
w*— (2n +1)? are 


(49) 


——— at 
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Fig. 12. — Periodic functions of time, according to Fourier, 
containing the steep-front wave 
a: f,(t) = Function of time according to Fourier 
T = Chopping time 
= Linear steep-front wave 


I 


Function of time according to Fourier 


1 8 
T (2n +1)? x? 
n=0 


wcosw T 
(2n + 1)? x? 


2 


seght 


With the aid of the function 


eae 


2u 
f (x) - Went Le reared 


2 92 
(51) 
(52) 


TT 


in which Pi Xe COS 


Olatniaaeat 


and the Leffler-Mittag development of the function 


=, 1.€. 
cos Z 
Lc y\ eck ol donde 
cosZ => (Qn + 1)? 2? — 42? (53) 
n=0 


we obtain, with the conversion performed in Appen- 


dix I, the identity of the corresponding coefficients 
a(w) =a*(q@) and b(@) = b* (@) 


Thus the linear steep-front impulse can be re- 
placed by the sum of harmonic sine or cosine im- 


pulses according to equations (45) and the output 
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Fig. 13. — Determination of the system error at chopping caused 
by the (2n-+-1)th harmonic 
Ji (t) = Function of time according to Fourier 
u, (t) = Linear steep-front wave 
T = Chopping time 
A(fon+1) =Amplitude ratio of the (2n + 1)th harmonic 
®, , 1 = Phase displacement of the (2n + 1)th harmonic 
Aus y+ 1 = System error for the (2n-+ 1)th harmonic at the 
moment chopping occurs 


voltage of the system resulting from applying the 
sum of these harmonic impulses can be determined 
with the aid of the Laplace transformation or Du- 
hamel’s integral. If this calculation is carried out, 
as will be shown later, for measuring systems with 
overcritically damped step-function response or with 
the oscillating response almost decayed at the moment 
of chopping t = T, the output voltage will consist 
of two summands. 

The first of these is identical with the output volt- 
age Up, (ft) at steady-state alternating voltage, while 
the second is a transient voltage w,,, (¢) which, ac- 
cording to the assumptions made regarding the 
system investigated, is negligible compared with 
Uy,, (t). Hence the system error is determined by 
Uy, (t) and can be derived from the frequency re- 
sponse of the system at the steady-state alternating 
voltage. 

To provide evidence of this change to steady-state 
alternating voltages, the measuring system is assumed 
to have a step-function response according to (10), 
e.g. with damping resistor, capacitive divider and 
short h.v. lead of negligible inductance. The equi- 
valent circuit diagram of the system then reduces 


itself to a R C network with the time constant 
(ee TRG (54) 


At the moment of chopping, the output steep- 
front impulse is given by 


M272 


8 Mt 
(2n + 1)? x? LM? 774+ 1 


(“Iya 6 *| 68) 


Since it was assumed that t < T ande ~ x0, 


the latter equation is reduced to: 


= 8 M? 7? 
pie ~>v- (Qn+1)?n? M?7?+41 cee 
n=0 
in which M denotes the angular frequency 
2n =— 1) a 
a 8) 


we 4 M272 
Ault) Su, (Qn+1)?n? M?+1 C2) 
n=0 
1 
path M’ oie (60) 


It will now be proved that the system error given 
by equation (57) is equal to the error from the sum 
of corresponding alternating voltages. Fig. 13 shows 
the system error at the moment of chopping, caused 
by the (2n+1)th harmonic. Since the measuring 
system effects a phase displacement ®(/,,,4,) and 
a change of amplitude of A(/f,,+,), it can easily 
be seen that the system error is 


eng 


Ation41(T) = U- Qntipm! —A(fon41) cos[® (fon+1)]} 
(61) 
and the total system error 
= oo 3 
Au(T) uy : Gna pra! —A(fon41) cos[P (fon+1)]} 
n=0 (62) 


Likewise for a Fourier analysis using equation (46) 


n=oo 


Au(T) Su . oral — A(fon+1) cos[P (fon4-1)]} 
n=0 (63) 
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in which the harmonic frequencies are determined 
by the chosen series and the chopping time T. 


For the analysis according to equation (45) 


l a 2n+1 


Pero er eS a I) 
and according to (46) 
1 5 2n+1 
h= oF Ss=op Sona = oF (65) 


The amplitude ratio A(/3,4,) and the phase dis- 
placement ®(/f,,4,) for the (2n+1)th frequency of 
the R,C system, are as follows: 


] 
A (fon +1) = a 


5 


Jags re 
(66) 
1 
e089 (fae4)] = = —— a 
| 8+ ae ee 
(67) 


Substituting (66) and (67) in equation (62) we 


obtain 
n= co 


8 Niiae2 
eh) =>. Qn len Mtl 
0 


n= 


(68) 


Equation (68) is identical with (57), thereby proving it 
is permissible to change from harmonic impulses to harmonic 
oscillations. Similarly this changeover can be derived 
for the general equivalent circuit for impulses as in 
Figs? [12]. 

According to equations (57) and (59), the system 
error at the moment of chopping is given by an 
infinite series of harmonic frequencies and is thus 
of little practical use. However, this is where the 
property of an impulse voltage measuring system, 
only to transmit a.c. voltages up to a certain limiting 
frequency f,, affords welcome relief. 

Fig. 14 shows the amplitude ratio A(f) of an 
impulse measuring system. For f, the limiting fre- 
quency, A(f,) = 0 and the system error for all 
higher frequencies in the range f, < /{ < 0, accord- 
ing to (62) is given by 


8 
Aer = K => Uae 


n=Ng 


(69) 


Si 
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Fig. 14. — Amplitude curve of an impulse measuring system 


JS = Frequency 
Sg = Limiting frequency 
A(f) =Amplitude ratio 


Those harmonics which are no longer transmitted 
by the measuring system give rise to an output error 
equal to the sum of their amplitudes. However, this 
sum can be determined from the difference between 
the sums of all harmonics which, at the moment 
of chopping, produce the steep-front input impulse 
with the reduced value 1, and all harmonics up to 


the limiting frequency /;. Then 


n=Ng 
8 
=U.-1— > U- : 
us (2n + 1)? x? 
n=0 


For practical measurements it will be possible to 


(70) 


break off the calculation at a frequency f; < /,. 
For instance, fz can be taken as the frequency at 
which A(f) = 0-1—0-2. Utilizing 


A (4) - cos ® (ff) =x 


(71) 
the correction which has to be inserted is 


Reet (72) 


the sign depending on the phase shift cos ® ( f¢). 
The difference between K and KX’ in practice will 
be very small and the system error will be some- 
where between the two nearly equal errors obtained 
by inserting K and K’, 

For the Fourier analysis according to (46) the 


correction is 


(73) 
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Fig. 15. — Determination of the system error for a steep-front 
impulse chopped after T=0-5 ss, according to Fourier’s integral 


F, = Area representing input impulse 
F’, = Area representing output impulse 
Au = System error 

f= Frequency 


To confirm the relationship derived for the system 
error with rectangular and steep-front impulses, 
the error of a system like the one in Fig. 6 will 
now be calculated for an impulse chopped after 
pee ()*0) 185; 
screened ohmic voltage divider with the following 


The system is assumed to have a 


parameters. 

Inductance of 10-m h.v. lead JE, = 15} fle 
Damping resistor Ros UUs. 
Resistance of the voltage divider R, = 30 MQ 
Screen capacitance of the divider C= hO0. pF: 


From these we obtain the following: 


do ] Rs ] 
ae 22 Tek ie 
=3(i 


25.00) Dae 


104 


10° eo ee 
+ 40-106) fs 


3 I 
o -V/a-4 = 25-6. 10° (~) 


Hence the influence of R, can be ignored. For damp- 
ing at the moment of chopping 


=e? ==. 0-0025 


i.e. the oscillation of the step-function response ac- 
cording to (11) has almost completely decayed at 
t = T. According to equation (35), the system error 


et) 24.108 
~ aT 798. 10!.0-5. 10-8 


= 0.06 or 69 


The calculation of the system error for the applica- 
tion of the Fourier analysis as in equation (46) is 
given in the table opposite for the same numerical 
example. As will be seen, the agreement with the 
result obtained by the step-function method is very 
close. 

For the same measuring system let us now calcu- 
late the error for steep-front impulse chopped after 
0-5 ws, using the Fourier integral. The numerical 
evaluation of the two integrals is carried out for 
the input impulse according to (42) and for the 
reduced output impulse according to (43). 

The frequency spectra of the two impulses are 
illustrated in Fig. 15. The input impulse u,(7T) is 
represented by the area FP, = 3935 mm? while area 
F, = 3700 mm? corresponds to the output impulse 
u,,(T’). Hence the system error is 


ee EERE SON. 


eon!) Ene ne 6935 


= 0-06 0r.69% 


Here too the error agrees closely with the figure 
obtained with the other two methods. 

The theoretical part of this article will conclude 
with a demonstration of the internal relationship 
between the step-function and the frequency-response 
methods of calibration, as given by the Bromwich- 
Wagner integral, which permits the derivation of 
the step-function response from the frequency 
response of the measuring system. 
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Error of a measuring system with a screened ohmic divider 
for a linear steep-front wave chopped after T= 0-5 ws; 
Fourier analysis according to equation (46) 


Frequency 
Harmonic of A(f) cos [P(f)] | Avon. 1 
Mc/s 
Ist 1-0 1-03 O79 Rio 0054 
3rd 3-0 1-262 0-701 0-00518 
5th 5:0 1-029 —(-241] 0-0203 
7th 7-0 0-515 0-731 0-01136 
9th 9-0 0-219 —0-868 0-00626 
11th 11-0 0-196 —0-914 0-00395 
13th 13-0 0-129 Se 0-0027 


Correction K=0-0148 
K'=0-0165 


Total system error 0-061 < Au < 0-0628 


The Bromwich-Wagner Integral as Common Starting 
Point of the Step-Function Response and Frequency- 
Response Methods of Determining the Error 
of an Impulse Measuring System 

The relationship between the frequency, as ampli- 
tude ratio A(2zf) and phase angle O(2z/), and 
the step-function response of an impulse measuring 
system is given by the Bromwich-Wagner integral: 


+jo 
1 S(p) +e?! 
i) = : d 74 
WOoealin Pe (4) 
Efco 
Moreover, 
+ joo 
] S(0) e*! 
i : d 7s: 
de rer (75) 
—joo 


the connection with the frequency response being 
given by the function 
S(p) =S(j2xf) =Re(2xf) +j-Im(2nf) (76) 
Re(2z/) and Im(2z/) are the real and imaginary 
parts of S(p), which work out to 
Re (22 f) =A (2xf) cos D (2x f) (77) 
Im (2x7 f) =—A (2xf) sin ® (27) (78) 
from the amplitude and phase angle characteristics 
of the system. The calculation of equations (74) 
and (75) performed in (13) yields the following 
three expressions for the step-function response y (t.) 


y(t) = Re(0) + 
= ieee = sin 2n ft + ae conn ft| d(2xf) 
(79) 


co 


2 fen sin Qn ft d(2nf) 


onf (80) 


co 


p(t) =Re(0) + 2 fines cos2n ft d(2xf) 
: (81) 


0 


Thus the step-function response y(t) can be de- 
termined from the completely real part of S'(p) as 
in equation (80), from the imaginary part for a 
known value of Re (0)—with d.c. voltage f = 0 — 
or from both parts of S$ (p). 

If Re (27 f) and Im (2z/) of an impulse- 
measuring system are given, it is possible to effect 
bounded 
respectively by the frequencies f, and fy, as in Fig. 16. 


an approximation by straight lines, 
For each straight-line section, with a height of /,, 
h,...h,, we can determine the corresponding part 
of the step-function response y,(t), We(t),~-++ Wn(t) 


with the aid of the functions 7 (fgt) and ¢ (fgt), as 


Yn (t) = 2 (fat) (82) 
Pn (t) =0-5 + (fet) +6 (Ab) (83) 
Wn (t) =1 +20 (ft) (84) 
Re(22/), Im(27/f) 
A 
hi=0 
n+] 
BROWN BOVERI! Hive Pn Sgt St 
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Fig. 16. — Derivation of the step-function response from the 
frequency response of an impulse measuring system 


Approximation to the curve of Re(2f) or Im (2x/) by straight 
lines 1, 2, ..., n-++1, having the heights hy, fg, ..-- Any Anti 


tiny fon = Limiting frequencies of the n-th straight line 


254 


THE Brown Boveri REVIEW 


VOL. 47, No. 4 


r 
van ih 


PRS) 


116531: la 


Fig. 17. — Inverse function for de- 
riving the step-function response from 


the frequency response of an impulse 
measuring system, for different ratios 


Silhe 


a,b: Inverse function 7 (f,¢) for 
determining the step-function 


response from Re (2z/) 
Sy fo = Limiting frequencies 
t= Time 


0 0,5 1,0 1,5 
— > fri 
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The inverse functions 7 (_f,t) for the real part Re (27) 
and ¢(f,¢) for the imaginary part Im(27/) are de- 
rived in Appendix II. The shape of 7 (fot) is shown 
in Fig. 17a for the parameters f,/f, = 0, 0-1, 0-25 
and 0-4 and in Fig. 17b for f,/fQ = 0:5, 0°75, 0:8 
and 0-9. Curves of ¢(f,t) are shown in Fig. 18a for 
Silf, = 9, 0-1 and 0-2, and in Fig. 18b for f\/fA = 
0:5, 0-75 and 0:9. 

For practical determination of the step-function 
response it is most convenient to use equation (82). 

The total step-function response y(t) is obtained 
by adding all partial responses: 


v(t) => Yn(t) + hr (85) 
0 


2,0 2:5 The curve for f/f, = 0-75 is also 


applicable for fi /f2 = 0°8 
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Experimental Investigations 


From the theoretical investigations into the error 
of measuring systems, especially with steep-front 
impulses, valuable hints and pointers were gained 
for the continued development of the measuring 
equipment, particularly the voltage dividers, as the 
following summary indicates. 

Systems for measuring steep-front waves should have 
as small a time constant t as possible, or the highest 
possible angular frequency @ of the step-function 
oscillation; effective damping being especially de- 
sirable in the latter case. These requirements can 
be fulfilled, firstly by constructing a measuring 
system with a voltage divider having a low capaci- 
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Fig. 18. — Inverse function for de- 
riving the step-function response from 
the frequency response of an impulse 
measuring system, for different ratios 


Silhe 


a,b: Inverse function ¢(f,t) for 
determining the step-function 


response from Im (2x) 


Su fe = Limiting frequencies 


t= Time BROWN BOVERI 


tance to earth C. Although the inductance L of the 
system can be reduced to a certain extent by using 
the shortest possible connections, e.g. of copper strip, 
and by efficient earthing, its magnitude is largely de- 
termined by the distance between the voltage divider 
and the test object, which in turn depends on the 
amplitude of the impulse voltage, and the possibility 
of the two parts being of different height. A purely 
ohmic divider with a low resistance of, say, 1000 to 
2000 © would indeed provide a small time con- 
stant t, but from the practical aspect is attended 
with disadvantages which prevent it being used for 
the measurement of full-wave impulses without con- 


0,1 0,5 1,0 5 10 
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siderably reducing the half-value time, or necessi- 
tating an increase in the capacity of the impulse 
generator. Thus to perform a series of tests with 
full-wave and chopped impulses, the use of two 
voltage dividers would be inevitable, a solution 
which, apart from being uneconomical, would ham- 
per the speedy execution of the tests. 

Neither can the use of the capacitive voltage divider 
with small equivalent capacitance C be recommend- 
ed if it has to be calibrated alone. The lower the 
capacitance C of the h.v. part of the divider, 
the more it influences the rated transformation 
ratio uy. This means that a divider of this kind 
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Fig. 19. — Potential distribution of one variant for the screening 
electrodes of a voltage divider, as measured in the electrolytic tank 


E,, E,, Ez = Screening electrodes at high voltage (potential 1-0) 
E,, E; = Screening electrodes at earth potential (0) 


would be particularly dependent on the spatial lay- 
out, because the leakage capacitance between the 
divider and adjacent objects would affect the rated 
ratio each time, and this is irksome owing to 
the small h.v. capacitances involved, because they 
have to be measured in a bridge circuit, e.g. Scher- 
ing bridge, which in turn represents an intervention 
in the leakage and earth capacitance conditions of 
the divider, existing during the test. 


Brown Boveri therefore decided to develop a series 
of screened ohmic voltage dividers. With a suitable 
electrode arrangement these can be made with a 
low capacitance C, while the resistance of the divider 
R,, at 6000-10 000 Q, can be matched to the re- 
quirements of the half-value time of the full-wave 
tail. The rated ratio uw) of a measuring system having 
a screened ohmic divider is only determined by the 
resistance R,, of the h.v. part of the divider, the 
damping resistance Ry, which may possibly be pro- 
vided, the resistance R,, of the low-voltage part of 
the divider, and the terminating resistance of the 
measuring leads and, regardless of the layout of the 
system, can be determined once and for all by a 


simple Wheatstone bridge circuit. 


A prerequisite for a screened divider of high quality 
is the ability to match the resistance winding as far 
as possible to the potential distribution in the axis 
of the screening electrodes. Having carried out 
exhaustive investigations of various arrangements in 
the electrolytic tank, the potential distribution ob- 
tained in one such case being reproduced in Fig. 19, 
an electrode system was chosen consisting of a cir- 
cular plate with a pair of concentric rings at the 
high-voltage end and a truncated cone with one 
ring at the earthed end. This arrangement was 
adopted for all sizes of divider examined, so that 
they are all proportional to one another geometri- 
cally. Dividers have been constructed for 0:2, 0-9 
and 2:3 MV full-wave, the basic dimensions being 
indicated in Fig. 20 (see also the front cover). The 
ring at the earthed end was omitted from the 0-2- 
MV divider. The wound resistance columns, which 
have a particularly low inductance, are almost com- 
pletely matched to the potential distribution of the 
screening electrodes by multi-stage graduation of 
the winding. The 2:3-MV divider, which consists 
of a number of columns mounted vertically above 
one another, can be extended for still higher voltages 
by the addition of more such elements. The control 
capacitance C can be calculated from the equipoten- 
tial lines of the diagram (see Fig. 19). For the 2-3- 
MV divider it is about 110 pF, for the 0-9-MV 
divider about 50 pF, and for the 0-2-MV divider 
20 pF. For the measuring system with the 2:3-MV 
divider a h.v. lead up to 7 m long and a 320-Q 
damping resistance is provided; with the smaller 
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dividers the figures are 4:5 m and 500 Q for 0-9 MV, 
and 1 m and 700 Q for 0-2 MV. The total resistance 
of each voltage divider is adapted to the para- 
meters of the corresponding impulse generating 
equipment. 

Before the individual systems were calibrated, they 
were tested for their electric strength, with con- 
spicuous success. For example the 2:3-MV system 
was tested with several full-wave shots of different 
polarity up to 2-4 MV. Fig. 2la shows the peak 
value of 2:3 MV, which was held several times, 
while Fig. 21b depicts the external flashover from 
the upper ring to the connecting flange between 
two resistance elements, without the divider itself 
suffering any ill-effects. The high impulse withstand 
voltage of 2:3 MV with a height of only 5-0 m is 
proof of the perfect match between the resistance 
column and the capacitive voltage distribution of 
the divider. 

Parallel to the development of new voltage divid- 
ers, equipment was also constructed for calibrating 
and determining the error of systems for measuring 
impulse voltages. 

Fig. 22 shows the circuit diagram of a low-voltage 
step-function generator for 400-V impulses. The im- 
pulse is produced by short-circuiting a d.c. voltage 
applied to a high resistance R,, using the normally- 
open contact of a special mercury switch in the 
relay Q. The symbol r, denotes a smoothing and 
protective resistance; C the smoothing capacitor, 
G the rectifier and Sg the coil of the mercury switch 
Q, which is energizing with a.c. at 50 c/s. By syn- 
chronizing the step function impulses in time with 
the mains frequency and the time base of the oscillo- 
graph it is possible to simulate an apparently static 
step-function impulse on the screen. 

If the step-function response has to be determined 
for an impulse measuring system with a rated ratio 
of 1000-2000 when the applied impulse has an am- 
plitude of several hundred volts, it must be measured 
with the aid of high-grade amplifiers because, at 
the l.v. tapping off the divider, voltages of the order 
of a few hundred millivolts are obtained. The ampli- 
fier distorts the curve of the step-function response, 
and the larger the amplifier’s front time 77, is com- 
pared with the front time 7), of the step-function 
response, the more pronounced the distortion be- 
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Fig. 20. — Relative size of the newly developed screened ohmic 
voltage dividers 
a: Divider for 2-3 MV 
b: Divider for 0-9 MV 
c: Divider for 0:2 MV 


h= Height in mm 
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Fig. 21. — Impulse withstand voltage of the new divider for 
2.3 MV 


a: Full-wave 1/50 impulse held at 2-3 MV 


b: Flashover between outer ring and a connecting flange at 
2:4 MV. The simulated rise in voltage is the result of the 
reduction in the ratio of the divider by the flashover. 
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Fig. 22. — Circuit diagram of the low-voltage step-function 
generator 


T, = Transformer 
G = Rectifier 
r, = Protective resistor 
R, = High resistance 
C = Smoothing capacitor 
Q = Mercury relay 
Sg = Relay coil 


comes: for TJ" 


au 


and 0-9 of the full voltage should be inserted. 


and 7, the interval between 0:1 


The distortion of the step-function response can 
be allowed for by the correction Vee eats to the 
measured front time 7. 

To enable the cold-cathode oscillograph, which 
has rendered excellent service in the Brown Boveri 
high-voltage laboratory in the past, to be used with- 
out an amplifier for the calibration of systems for 
measuring step-function impulses, it was necessary 
to develop a high-voltage step-function generator 
for impulses with peak value of about 100 kV. In 
this respect a completely different approach was 
adopted to that taken by other laboratories [9, 14] 
—where pressurized spark-gaps are used to pro- 
duce h.v. step-function impulses—and a testing unit 


of simple and expedient design developed. The 
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Fig. 23. — Circuit diagram of the 100-kV high-voltage step- 
Junction generator 
Ry... Rpg = High resistances 
Sp = Triggering spark-gap 
So = Oil spark-gap 


properties of oil spark-gaps investigated by Bura- 
woy [15] were reverted to which, when energized 
with a multiple of the breakdown voltage, produced 
h.v. impulses with the very short front time of about 
5 ns ? and can almost be treated as rectangular. 

Fig. 23 shows the circuit diagram of the h.v. step- 
function generator developed by the Company. The 
triple-electrode spark-gap S$; is energized with a d.c. 
potential of about 100 kV. The application of a 
negative triggering impulse to the centre electrode 
causes the gap to spark over and a voltage wave, 
reduced only by the arc drop, flashes across the 
oil-immersed gap Sg with a multiple of its break- 
down voltage. 

The two high resistances R,, and R,», of the oil- 
gap hardly exert any effect on the very rapid phe- 
nomena during the formation of the step function. 
Fig. 24 shows the totally enclosed design of the h.v. 
step-function generator. 

To check the suitability of the two impulse gener- 
ators, the 0-2-MV measuring system was first cali- 
brated. The first step was to check the low-voltage 
step function by direct connection to the vertical 
deflector plates of a “Tektronix 545” oscillograph. 
Fig. 25a shows the corresponding trace with a sweep 
rate of 20 ns/cm. The impulse has a very short front 
time (approx. | ns) and can be considered equivalent 
to a rectangular wave. Fig. 25b shows the trace of 
the same impulse recorded through the amplifier 
of the oscillograph. From this curve the front time 
of the amplifier 7T,, = 10 ns. 

Fig. 26 shows the schematic layout for the cali- 
bration of an impulse measuring system with a step 
function. When set up ready for operation, an im- 
pulse is applied to the h.v. side of the system and 
the response oscillation, tapped off the lv. side of 
the divider, is conducted to the oscillograph by the 
test lead. The difference between this and the oper- 
ational layout exists in the slightly different arrange- 
ment of the h.v. lead which, instead of being con- 
nected to the test object, runs to the lower step- 
function impulse generator. However, for a_h.v. 
lead of the same length, this deviation has hardly 
any effect on the step-function response of the 
system. 


21ns = 10s. 
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Fig. 24. — Totally enclosed design of 100-kV step-function 
generator 
Top right: Triggering spark-gap 


Bottom-left: Oil spark-gap for producing steep-front impulses 


The low-voltage step-function response of the 
0-2-MV measuring system at a sweep rate of 20 ns 
per cm is illustrated by Fig. 27. From the oscillo- 
gram it can be seen that response impulse has a 
corrected front time of 24 ns and a time constant 
of t= 15 ns. Fig. 28a is the oscillogram of the 
97-kV step-function response recorded by the fast- 
sweep oscillograph with a 1-0 us logarithmic time- 
base, Fig. 28b shows calibration of the | us time- 
base with a 5-Mc/s oscillation. In order to obtain 
a clear trace of such rapid phenomena, a special 
high-brightness aluminium cathode is used. 

The high-voltage step-function response shown in 
T, = 24 ns— 


a 


Fig. 28a gives the same front time 
which does not have to be corrected in this case— 
and time constant tT = 15 ns. The results of cali- 
brating the 0-2-MV measuring system conclusively 
prove the suitability of the newly developed high- 
voltage step-function generator. This generator pro- 
duces impulses with a very steep front, having a 
front time of about 5 ns, which can be considered 
almost rectangular. If the generator were to pro- 
duce impulses which were less steep—say, with a 
front time of 10 ns—the response of the 0:2-MV 
system would be distorted, owing to its short time 
constant T. 

The low-voltage step-function response of the 0-9- 
MV system is shown in Fig. 29, using a sweep rate 
of 40 ns/cm. Here the time constant of the response 
works out to tT = 23 ns. Fig. 30 shows the l.v. re- 
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Fig. 25. — Oscillogram of a low-voltage step-function impulse 
a: By direct connection to the deflector plates of the oscillograph 
b: Via the amplifier 


T, = Front time of the impulse 
T,, = Front time of the amplifier 


Sweep rate = 20 ns/cm 


sponse of the 2:3-MV system with a 7-m h.v. lead. 
The excellent screening of the voltage divider and 
the choice of a suitable damping resistor enabled a 
time constant of only t = 32-6 ns to be attained 
by the step-function response, a slight overswing of 
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Fig. 26. — Experimental set-up for calibrating an impulse 
measuring system with a step-function impulse 


G = Step-function generator 
Z=H.V. lead 
R,= Damping resistance of the measuring system 
T = Voltage divider 
O = Oscillograph 
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Fig. 27. — Calibrating the 0-2-MV measuring system with a 
low-voltage step-function impulse 


t= Time constant of 15 ns for the step-function response at a 
sweep rate of 20 ns/cm 


the response curve beyond the final value | during 
the first 160 ns proving advantageous. Fig. 31 a shows 
the response to a 110-kV step-function impulse with 
a sweep rate of 0-5 us/cm; Fig. 3l1b showing the 
calibration with a 10-Mc/s oscillation. From the h.v. 
response the time constant tT = 33 ns is practically 


the same as before. 


97 kV T= L5.ns 
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Fig. 28. — Calibrating the 0-2-MV measuring system with a 
high-voltage step-function impulse at 97 kV 


a: Step-function response with tT =15 ns and T, = 24 ns (front 
time) 

b: Calibrating the logarithmic sweep rate with a 5-Mc/s oscil- 
lation 
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Fig. 29. — Calibrating the 0-9-MV measuring system with a 
low-voltage step-function impulse 


Time constant tT = 23 ns of the response with a sweep rate of 
40 ns/cm 


The error .of the 0-2, 0-9 and 2:3-MV systems is 
plotted against the chopping time of a linear steep- 
front impulse in Fig. 32. Even without any correc- 
tion of the system error, the newly developed systems 
permit steep-front waves chopped after 0-5 us to be 
measured with an inaccuracy not exceeding 6 to 
7%. When allowance is made for the correction 
determined during calibration, the same impulses 
can be measured to an accuracy of 2 %, this figure 
also taking into account the inaccuracy inherent in 
the evaluation of the oscillograms. The system error 
for full-wave measurements is so small for all three 
systems (see equation 19) that it is only necessary 
to allow for the inaccuracy of the oscillogram in 
practice. 

Owing to the importance of knowing exactly what 
properties the new measuring systems possess, the 
error of the 2:3-MV system was also determined 
from the frequency response, as described on p. 248 
to 251. We were accordingly faced with the problem 
of determining the amplitude and phase angle of 
two voltages in the proportions |: 1000 in the visual- 
ized frequency range between 0 and 30 Mc/s, with 
corresponding accuracy. 

Whereas measurement of the amplitude is not 
particularly difficult and can be performed with the 
aid of a suitable tube voltmeter or, better still, a 
broad-band oscillograph, simultaneously calibrating 
the sensitivity for the various ranges, a sufficiently 
accurate method of determining the phase displace- 
ment in the frequency range 0-30 Mc/s has not 
been discovered yet. Hence our first attempts at 
determining the phase displacement from the Lissa- 
jous figures obtained with the oscillograph were un- 
successful because the horizontal amplifier of the 
oscillograph did not possess the necessary bandwidth 
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and determination of the phase angle from the 
Lissajous figures proved inaccurate. A satisfactory 
answer could only be obtained when a broad-band 
differential amplifier was used, which permitted the 
measurement of an alternating voltage U, or U4, 
and their vectorial difference (tis U,), even when 


they were very different in magnitude, e.g. 


|U,| _ 1000 
| U3 | : 


The suitability and measuring accuracy of the dif- 
ferential amplifier were checked at frequencies be- 
tween 0 and 40 Mc/s on systems having a known 
phase displacement, such as coaxial cables. The in- 
accuracy of the measurement at frequencies up to 
10 Mc/s amounts to about +1°%, above that about 
+2%. The higher accuracy at the lower frequencies 
is, moreover, particularly favourable because the 
higher frequencies (f > 10 Mc/s) only contribute a 
small share to the system error with steep-front im- 
pulses and may therefore be determined with less 
accuracy. 

The angle ®(f) can be measured, as in Fig. 33, 
from the input and output voltages U, and Uz of 
a system, as indicated by the oscillograph at a 
frequency f, and from their vectorial difference 
U,— Us: 
|Usl? + |Ual? — [Cs — Us)? 

2 |Ua| - |Up| 


P(f) = arc cos (86) 
The known phase displacement ®x of the test 
leads at a corresponding frequency must then be 
deducted from the phase displacement ®. 
A further advantage of the differential amplifier 
is that, simultaneously with the phase displacement, 


it also gives the amplitude, which can be deter- 
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Fig. 30. — Calibrating the 2-3-MV measuring system with a 
low-voltage step-function impulse 


t = Time constant of the step-function response = 32-6 ns at a 
sweep rate of 40 ns/cm 
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110 kV 
t= 33 ns : 
116546' lo 
a 
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116546-1b 


Fig. 31. — Calibrating the 2.3-MV measuring system with a 
high-voltage step-function impulse at 110 kV 
a: Time constant of the step-function response tT = 33 ns 


b: Calibrating the logarithmic sweep rate of 0:5 ys with a 
10-Mc/s oscillation 
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Fig. 32. — System error of the 0-2, 0-9 and 2.3-MV measuring 
systems with a linear steep-front wave 
a=0-2-MV system 
b =0-9-MV system 
¢ = 2-3-MV system 
Au = Percentage system error 
T = Chopping time 
The curves drawn were determined from the step-function 
response 


ox = Points obtained by resolving the functions f, (¢) and f, (¢) 
according to Fourier 
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Fig. 33. — Determination of the phase displacement of an 
impulse measuring system 
U4 = Voltage applied to the measuring system and conveyed 
to input ‘A’ of the differential amplifier (see Fig. 34) 
Og = Voltage tapped off divider, conveyed to input ‘B’ of dif- 
ferential amplifier 


® = Angle between U4 and Og 


mined from the ratio | U4|/|U,| when the sensitivity 
of the oscillograph is suitably calibrated. 

Fig. 34 shows the experimental set-up for measur- 
ing the frequency response of the 2-3-MV system. 
In order to obtain in the desired frequency range 
a voltage of adequate amplitude at the tapping 
point, a frequency generator with a broad-band 
(video) amplifier was used from 0—5 Mc/s, above 
that a 300-W transmitter, 0-10 kV, with inter- 
changeable sets of coils for frequencies up to 30 Mc/s. 
The output voltage of the frequency generator Gy 
or the broad-band amplifier was applied to the 
input ‘A’ of the differential amplifier, to which the 
h.v. lead of the measuring system is also connected. 
The voltage tapped off the divider was applied 
through the cable to the input ‘B’ of the differ- 
ential amplifier. The frequency was accurately set 
by means of a crystal wavemeter F and for each 
series of readings the voltages U,, Ug, and their 
vectorial difference were oscillographed. The con- 


Fig. 34. — Schematic layout of a 

system for measuring the amplitude 

and phase angle of the frequency re- 
Sponse 


BROWN BOVERI 


Gf = Frequency generator 
By = Broad-band amplifier 
V = Tube voltmeter 
F = Wave-meter 


D = Differential amplifier 
with inputs ‘A’ and ‘B’ 

Z = High-voltage lead 

Ry = Damping resistance 


stancy of the applied voltage during a series of 
measurements at a frequency f was supervised with 
a tube voltmeter V. The curves of amplitude 4 (f/f) 
and phase angle ®(f) of the frequency response so 
obtained are reproduced in Fig. 35 and 36. As Fig. 35 
shows, the amplitude curve, in addition to exhibit- 
ing a weak “resonance frequency” at 3 Mc/s due 
to the inductance of the h.v. lead and the screen 
capacitance of the divider, indicates a second, pro- 
nounced resonance at 15 Mc/s. This is the resonance 
frequency of the h.v. lead itself, i.e. of its capacitance 
to earth C,’with the inductance L,. The main reso- 
nance frequency of the h.v. lead, which is treated 


as a chain system, is 


1 


rey OTe a 


dr 


For a 7-m lead with /,= 1-25 wH/m and ¢,=8-33 pF/m 


1. 10° 
nx. 7-0) 1-25. 8-33 


Sr, = 14 Mc/s 


The effect of this resonance frequency on the error 
of the measuring system, as may be gathered from 
equations (61) and (63), is only slight. From the 
amplitude and phase angle characteristics of the 
frequency response, given by equations (62) and 
(63), taking into account the correction according 
to equation (70) to (73), the system error was calcu- 
lated for different chopping times 7 with a linear 
steep-front wave and plotted in Fig. 32. As can be 
seen, the system error thus obtained agrees very 
well with the corresponding figures from the step- 


function method. 
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T = Voltage divider U4 = Applied voltage 
M = Measuring cable 
R, = Terminating resistance 


of measuring cable 


Up = Voltage tapped 
off divider 


canoe atts 


. 
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Fig. 35. — Amplitude of the 2.3- 
MV measuring system 


A(f) = Amplitude ratio 
f= Frequency 


100 
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Fig. 36. — Phase angle of the 2.3- 
MV measuring system 
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Finally, the step-function response of the system 
will be determined from the frequency response 
by the method described on p. 253-5. The curve of 
the function Re (2z7/f) calculated from equation (77) 
on p. 253 is plotted in Fig. 37. The curve was 
approximated by 11 straight lines, and for each of 
these parts the corresponding partial step-function 


response as in equation (82) was determined with the 
aid of the inverse function 7 (ft) shown in Fig. 17a 
and b on p. 254, duly observing that horizontal — seven 


_ parts of the curve of Re(2zf) do not render any Fig. 37. — Curve of the function Re(2xf) of the 2.3-MV 
measuring system 
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_ contribution to the step-function response. The in- 
dividual parts of the step-function response are J = Frequency 
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shown together with the resultant response in Fig. 38. 
From this curve a time constant of tT = 35 ns can 
be derived which, allowing for the graphical ap- 
proximation method used, agrees very well with the 
directly recorded step-function response of t = 32-6 ns 
(Fig. 30). 

The close agreement between these results also 
conclusively proves the high accuracy of the 2-3-MV 
impulse-voltage measuring system, as well as the 
suitability and correctness of the newly developed 
method of calibration. 

In conclusion, the following statement can be 
made regarding the application of the two methods 
of determining the error of a system for measuring 
impulse voltages: 

The low and high-voltage step-function method is 
without doubt the simpler and leads more quickly 
to a result; it will therefore prove particularly suit- 
able for checking or proving the accuracy of a 
laboratory built set-up before impulse tests are com- 
menced. On the other hand the frequency-response 
method provides a clear picture of the effect which 
changing individual elements of a measuring system 
has on the system error, because certain details can 
be more clearly analysed. This method can there- 
fore prove very helpful, particularly for experiments 
during development and research work on systems 


for measuring impulse voltages. Likewise, this method 
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can be recommended as a supplementary means of 
calibrating measuring systems which may be intended 
as a replacement for the sphere gap, and whose elec- 
trical and spatial layout is more or less fixed (known 
as sub-standards). The improvement effected and 
the progress made in the measurement of impulse 
voltages enable the Company to achieve maximum 
possible accuracy, not only during research and de- 
velopment, but also during acceptance tests on high- 
voltage equipment produced in the factory, thereby 
helping to consolidate the confidence in Brown 
Boveri products and test methods. 


(KME) A. ASNER 


Appendix I 


Proof of the Identity of Sine Impulses of the Fourier 
Series According to Equation (45), p. 249, and the 
Linear Steep-Front Wave in the Interval O—T 


For the (2n+-1)th sine impulse the Fourier co- 
efficient b*(@) is 


T 
1 Bile T : 
b*(w)en41 = U+— (—1) fio| emer) spesin ova 
6 


l wcoswT 
CEST 
se 4T? 
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and for the coefficient of the sum of all sine impulses 


b* ie = 
8 __ wcoswoT 
Ni (2n +1)? x Oe al ts 
7) 
4T? 
By substituting 23) 
2 2 
eat (3a) 
me 
and resolving 
1 aa 
(2n-+ 1)? —(2n+1)? — 


] l l 
elas t eer) 4 


equation (2a) becomes 


(2) I II 
a U 1 8acoswT 1 1 
T Te? w? (2n + 1)? (2n + 1) 
ah (5a) 
For part I we find 
<< 1 wT 
= E = 6 
Gaia ee) 
n=0 
1 8acoswT 7? 
oso) ae Tt? w? ser 
LS cosw f 
T w 


For part II the sum is calculated as follows 


] 
Dane, 


n=V0 


If in equation (51) on page 249 we first substitute 
x = 0, and then x = z, and subtract the one equa- 
tion from the other, we obtain 


Sf (*)x=0 —S (*)xon = 
eta sin Tu 1 1 x 1 
“A T wl w—3 u?— (2n+ iisaa? 
(8a) 
The desired sum is then 
l __. (cos Tu remgh (9a) 
K? — (2n + 1) 4u sing u 


in which ye (10a) 


For bj,(@) we obtain 


bi (w) = 
ams 73 l 8a cosw T 1? —2sin?'ow T 
Te Te? w? 8Tw 2sinwTcoswT 
1 sinw T 
ae ee 
Tu Taw (I 2) 


Summarizing we obtain the following for the co- 
efficient b* (w) 


b*(w) = 


= bf (w) + bf (a) = U- l cosw T’ sinw | 
T i) To? 
(12a) 


i.e. the same as in equation (48), page 249. Hence 
b(w) = b* (o). 


For the coefficient a* (w) we obtain 


Xs} l 
* = : WE 
GS Pe tar > (2n + 1) 
n=0 
I I 
o sinw T — (— ue S “OT 


(13a) 
wo — oe. + 1)?- ya 
Taking equations (4a) and (9a) into account, this 


works out to 


osinw T 
af (a) =U- Se. 
Suet ] a 
“ra phe \ Re (og 1 ae oneal 
n=0 
Vives! 1 le 
= . Ties 
sales 50) ml Pad. cos @ + ,sino7)| 
(14a) 
For the part aj; (@), identity, i.e. 
1 1 ] 
* *. * as = 
gael ladles ')|= 
ra Tt 
n= oo de | 1 Ae bay 
ah eats » ar de 2T 
mee tek (2n + 1)? x? 
i— (2n + 1) gE 17? 
(15a) 


can be proved as follows. 
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The Mittag-Leffler development of the function 


Z is’ [16]: 
ae (— 1)" a 
cos Z >) (2n+1)*x wa — 
n=0 


“i 


] 
i Ge ont 4znet =) tae) 


When Z = wT equation (15a) can be converted 


as follows: 
I — 
Cos ear 
(—1)"4zZ2 
= 1+ 4 é: 
u ev "> nm? (2n + 1) [(2n + 1)?x? — 427] 
aR (17a) 
Following partial resolution 
l — 
“cos Z 
(— 1)" (2n+1) (—1)" 
= U{1+4 4 
( © > lent—4zZ2 7 ntl) 
n=0 n=0 


with the Leibniz series 


we obtain equation (16a) from equation (18a), thus 
proving the identity (15a). By combining equations 
(14a) and (15a) we obtain 


a* (w) = af (w) + af (w) = 


=U <loine i or ry mp? (COs T — | (20a) 


This is identical with equation (47) on page 249; 
hence a* (@) = a(@) and the sum of the sinusoidal 
impulses according to equation (45) in the interval 
0 — Tis identical with the linear steep-front impulse. 


Appendix II 


Determination of the Inverse Functions y (ft) and 
C (ft) for Derivation of the Step-Function Response 
Jrom the Frequency Response of the Measuring System 


The function Re (2z/) or Im(2z/) is assumed to 
conform to Fig. 39a. This can then be represented 
by the two parts in Fig. 39b and c. With the nota- 


tion corresponding to equations (79) to (81), p. 253, 


in which 
c(t) say ole) sin2nftd(2nf) (2la) 
0 
a(t) = 1 [EEED contnftalaes (22a) 


the shape of Re(2xf) or Im(2z/) in Fig. 39a is 
given by 


. fi 
(fs sin2n ftd(2xf) - | 32 faenn)- 
0 0 
== (si@nfy a eee) (23a) 
B(t) = F ; 
-1( fpdpomtanatann - | $22Faenp)- 
0 0 
== (cianfn = | (24a) 


For a shape of Rey(2xf) or Im,(2zf) as in 
Fig. 40a, which may be treated as a superposition 
of the two functions Re, (2z7f) and Re,(2z/f), or 
Im, (2x f) and Im,(2z/) as in Fig. 40b and 40c, 
with the limiting frequencies f, and f3, and the part 
of the function Re (2zf) or Im(2z/f) approximated 


by a straight line to correspond with Fig. 16 


Re (27/), 
Im (27) 


Re (27/), 
Im (27) 


aos 
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Fig. 39. — For the mathematical derivation of the inverse 
functions for a linearly decreasing curve of 


Re (2nf) or Im (2xf) 


J = Frequency 
J, = Limiting frequency 


The curve ‘a’ is obtained as the difference between ‘b’ and ‘c’ 


- gin 


a 
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Imp (27) 


Re (27/), jRe(27/), 
Im (27/) Im (27) 
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Fig. 40. — For the mathematical derivation of the inverse func- 
tions for the part of the function Re (2xf) or Im (2x f) 
approximated by a straight line 


J = Frequency 
Jf, and /, = Limiting frequencies 


The function ‘a’ is obtained by superposing ‘b’ on ‘c’. 


(siens, ; 1—cos 27 fe ) 2 


1 
ts = face Te 21 ft 
1—cos2n fit 


Laie 
Ae; (sien) - Sa (25a) 


Following conversion we obtain 


’ 1 — cos2n fz t 
Beary Dn hit 


ee my EE | 
KaEE ) i » (26a) 


iG rls | 


With similar notation the inverse function ¢ (f9¢) is 


given by 


A [ sin On fyt | 


he aaa 
th Foe | 


The inverse functions were calculated for differ- 
ent values of f,t with f/f, as parameter with the 
help of the function tables of Jahnke and Emde [17] 


» (27a) 


and plotted in Fig. 18a-d. The partial step-function 
responses of the curve of Re(2xf) or Im(2z/) 
represented by a straight line in Fig. 16 can be deter- 
mined with the aid of the above functions. 
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MEASURING THE ACTIVE POWER LOSSES OF LARGE REACTORS 


The usual methods for measuring the active power at 
high voltage fail with reactors, because the errors inherent 
in the test circuit falsify the results. For this reason a bridge 
circuit of higher accuracy was developed. The new process 
is generally applicable for the measurement of impedance, 
phase displacement, active and apparent power at high 
voltage and very small inductive power factors (0-001 < cosp 


< 0-1). 


OR MEASURING the active and apparent 

power with high voltage it is usual to employ 
ammeters, voltmeters and wattmeters which are con- 
nected through current and voltage transformers. 
The measuring accuracy depends on the accuracies 
of the five above-mentioned elements; for exacting 
demands, apparatus of the class 0-1 (i.e. 0-1% error 
at full reading) is used, with known error curves 
which have to be taken into consideration during 


the evaluation of the measurements. 


0 8§& 88°30' 895, 89°30’ 90° 
0,03 0,025 0,02 0,015 0,01 0,005 0,001 
———_ cs? 
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, Age 
Fig. 1. — Percentage error 100 in the measurement of 


active power in function of the phase angle between current 
and voltage 


at constant transformation errors of the measuring circuit Ag = 5’ 
(curve 1) and Ap = 1’ (curve 2), respectively. 


621.317.384:621.318.43 


With very small power factors, e.g. at almost 90° 
lagging current, limits are imposed on this process. 
As is well known, the measured effective power is 
burdened with a systematic error, which grows with 
increasing phase displacement. The following con- 
sideration furnishes the magnitude of this error. The 
wattmeter indication is proportional to the product 
of the currents (7, k-u) in its current and voltage 
coils, and the cosine of the phase angle m’ between 


currents, i.e. 
Pe Ck wa Cos (1) 


The currents in the wattmeter do not correspond 
exactly to those in the system, but differ from them 
by Az and k. Au, respectively; the phase angle 
between the wattmeter currents is also different 
from the phase angle between the current and volt- 
age of the system by the error angle Ag. These 
errors are caused mainly by the deviations of the 
values of the instrument transformers from the true 
values. 

The absolute error of the active power measure- 


ment, by considering the individual errors Au, Az 


and Ap is 
oP O Pare coe: 


=C-k(icospAu + ucosy Ai —uisingpAp) (2) 

and the relative error, expressed in percent 
AP Ai Au 

The first two terms in equation (3) for the percentage 
error are independent of the phase angle m between 
current and voltage; e.g. by using instrument trans- 
formers of the class 0-1 the error produced by both 
of them cannot be more than 0-2%. Therefore 


equation (3) becomes approximately 


AP 


al: 100 ~ 100 tang Ap 


(3a) 
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Equation (3) is represented in Fig. 1 by curves 
for Am = 5’ and Ap = I’, respectively, where Ap 
is the transformation error of the measuring circuit. 
It can be seen that, at phase angles of more than 
g = 85°, an angular error of a few minutes in the 
measuring system causes considerable errors in 
measurement. The problem of the measurement of 
active power at very low power factors (0-001 < 
< cos p < 0-1, see also Fig. 1), is of practical sig- 
nificance in connection with the measurement of 
the active losses of large reactors, which are being 
used more and more as parallel inductances for 
stabilizing long extra-high-voltage transmission lines. 
Similar conditions also exist during short-circuit 
tests on large high-voltage transformers. 

In order to take the errors discussed above into 
consideration, the complete measuring circuit, i.e. 
the instrument transformers with the instruments 
connected and the leads already laid out, must be 
calibrated at rated conditions with an accuracy of 
at least +1’. This would lead to intolerable com- 
plications; before every measurement the calibrating 
instrument transformer and the test apparatus would 
have to be transported to the place of measurement 
and set up. 

In addition to the transformation error already 
mentioned, there are the errors inherent in the watt- 
meter itself. As a result of the inductance of the 
voltage coil, the current lags the voltage by at least 
1’. Besides, the error in the reading of the watt- 
meter could be considerable, for although modern 
instruments can be heavily overloaded, the maximum 
wattmeter deflection at power factors of the order 
of cos p = 0-001 amounts to only a small fraction of 
the full deflection. 

These difficulties led to the search for another 
principally different method for measuring the active 
power at high voltages, heavy currents and very 


small lagging power factors. 


Different Methods of Measurement 


Classical Bridge Connections 


In principle, the phase displacement gp between 
current and voltage can be measured in a bridge 
circuit. Multiplying the power factor so obtained 
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Fig. 2. — The Maxwell bridge 


L,, R, = Test object, G = Galvanometer. 


Note; the whole current in the object flows through R,; the 
voltage drops across the divider R,, R,. 


by the apparent power, which can be easily measured, 
gives the active power. There are a number of a.c. 
bridges which can be employed to measure the in- 
ductances, e.g. the Wien, Maxwell and Hay bridges. 
None of the classical bridge connections, however, 
is suited for the present conditions—heavy current 
and at the same time high voltage. The Maxwell 
bridge connection can be seen in Fig. 2. Here the 
total test current flows through the resistance R,. 
This resistance must be non-inductive (time constant 
L/R < 10-7 s), otherwise the voltage drop in it will 
not be in phase with the test current. A few volts 
are necessary for balancing the bridge, i.e. with a 


current of say 100 A there would be a resistance of 
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Fig. 3. — The Wilkinson-Carter bridge for the measurement of 
the active power of reactors 


L,, R, = Test object. 


Note: The secondary voltage Uj4 of the mutual inductance 

is proportional to the reactor current iz; the voltage U drops 

across the ohmic divider R,, R,. C can be used to displace the 
phase of the voltage appearing across Ry. 
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a few hundredths of an ohm. To fulfil these three 
requirements together ({= 100 A, R=0-01 Q, 
L/R < 10-7, from which ZL < 0-001 tH results) is 
extremely difficult and most probably impossible. 
The conditions in the other classical bridges are 


quite similar. 


The Wilkinson and Carter Method 


The Wilkinson and Carter connection avoids the 
disadvantage of connecting the resistance in series 
with the object and uses a mutual inductance MM 
(Fig. 3) instead. The mutual inductance transforms 
the object current 7, to a voltage Uy, leading by 90°. 
With a lossless reactor L, (with R, = 0), this voltage 
is in phase with the applied voltage U and is com- 
pared with it by means of an ohmic divider R,, Rg. 
If the reactor is not lossless, the phase of the voltage 
on &, is displaced by means of a capacitance C till 
a balance of the bridge is obtained. From these 
balancing conditions, which have not been thorough- 
ly discussed here, the power factor can be deter- 


mined 


cos gy = —+——_ (4) 


The main disadvantage of the Wilkinson and Carter 
circuit is the ohmic divider R,, R,. As can be easily 
seen, the high voltage cannot be coupled exactly 


according to phase by an ohmic divider. Consider- 


1K. J. R.Witkinson and G. W. Carter: A method of meas- 
uring losses in reactors at low power factor. BEAMA Journ. 
1939, Vol. 44, p. 145-50. 
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Fig. 4. — Bridge circuit with a capacitive divider Cy, C and 
a mutual inductance M for the measurement of the active losses 
of reactors 


Note: Secondary voltage Uy, of the mutual inductance M is 

proportional to the reactor current i; the voltage U drops 

across the capacitive divider C,, C; R displaces the phase of the 
voltage Uj. 


ing, for example, an ohmic divider for 200 kV and 
limiting the power developed in it to 1000 W, the 
resultant value for the resistance R would be 40 MQ. 
Since the impedance of the stray capacitance, which 
is in parallel, is of the same order of magnitude, such 
a divider is completely useless. These conditions 
could perhaps be improved by means of a controlled 
ohmic divider; it is, however, doubtful if it would be 
possible to construct a divider whose angular error is 


less than 1’. 


Bridge with Mutual Inductance and Standard Capacitor 


A circuit which has been used for experimental 
purposes, avoids the ohmic divider and uses instead 
a capacitive divider (Fig. 4). Cy is a lossless screened 
standard capacitor, as normally used for measure- 
ments with the Schering bridge, C a precision capac- 
itance decade. The resistance R is used to displace 
the phase of the voltage across C' till the bridge is 
balanced. As with the Wilkinson-Carter bridge, the 
reactor current 7; is transformed to a voltage U,, 
leading by 90° by means of a mutual inductance M. 
Fig. 5 shows the vector diagram of this bridge 
which, for the sake of clarity, has been divided into 
two parts. The balance conditions give the follow- 


ing with the notations from Fig. 4 and Fig. 5: 


U,=in(R + 7] ~ UjoG(R+ : \= 


= U(ioar +2) 
Im (U;) 


tand = = MES 
cosy = tand = Re(U,) ~ GIG 


=wCR (5) 


Uy =1,-joM= 
a joM (R,-joL,)joM 
= ——___ > A = ———___ —jol, = 
Ri jols." Ris@tT’ * IOI 
~ pe IO M Rs + wo? LM) 
orl 


Comparison of the real parts of U, and U,, gives 
the expression for @L, 


C 
2 ed ees 
oD ol, M=U C 
G 
ral Op — ipreh 
and further 
RC? 
R, = cop .0L, = M— 
Cy 


a a ee 
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Fig. 5. — Vector diagram of the bridge with a capacitive divider 
and a mutual inductance 


a: For the left-hand portion of the bridge 
b: For the right-hand portion of the bridge 


Notation as in Fig. 4. 


The measurement with this bridge was in principle 
possible, but for present requirements it is not suf- 
ficiently accurate. The main reason for this was the 
transformation error of the phase angle of the 
mutual inductance, which is of the order of magni- 
tude of 10’—-30’. It may be possible to construct an 
air-cored mutual inductance which has a transfor- 
mation error of less than 1’. Another disadvantage 
is the sensitivity of the mutual inductance to dis- 
turbances by external magnetic fields. This charac- 
teristic quality makes itself perceptible during meas- 
urements in test bays or power stations, where, in 
contrast to laboratory measurements, conductors 
carrying heavy currents may be in the vicinity. 
Further errors in measuring could arise as a result 
of a bad insulation resistance R; of the screened 
cable (C,—C). This resistance is in parallel to the 
capacitance C’ and causes a phase displacement 
1/mR;C, thereby causing an error in the measure- 
ment. In order to keep the phase displacement due 
to the insulation resistance less than 1’, there must 
be an insulation resistance R; > 108 Q for a capac- 
itance C = 0-1 uF. This requirement is not always 
fulfilled by long test leads which are not quite new 
and could therefore lead to unmanageable errors 
in measurement. 

A new bridge circuit has been found which avoids 
the disadvantages described above. This bridge will 


now be discussed. 


The L,R,-Bridge with Current Transformer 


Measuring Circuit and Vector Diagram 


It appears almost natural, on the one hand, to 
apply the high voltage to the bridge by means of 


a compressed-gas capacitor and, on the other, the 
current by means of a current transformer, and 
compare them with each other according to their 
magnitude and phase. 

The compressed-gas capacitor, as well as the cur- 
rent transformer, are extremely reliable elements and 
can be used for the most exact measurements. The 
dielectric of the capacitor consists only of gas and 
is therefore, for all practical purposes, free of losses. 
Its current leads the applied voltage by 90° minus 
less than 2”. By careful screening it is possible to 
obtain an exactly defined capacitance. Furthermore, 
the advantage of using the compressed-gas capacitor 
is borne out by the fact that it is a standard item of 
equipment of all high-voltage laboratories. 

Today there are current transformers of great 
accuracy on the market which, for example, in a 
range of 5—200°%% of the rated current, have a trans- 
formation error of less than 0-001°% and a phase 
angle error of less than 0-2’. Unlike the mutual 
inductance, as used in the circuits described under 
the previous two headings, the current transformer 
with its closed iron circuit is not exposed to the 
disturbing influences of external magnetic fields. 

The advantages of the proposed coupling elements 
are pronounced. But considering that the phase 
angles of the currents 7) and 7, are displaced from 
each other by almost 180° (Fig. 6b), it would at 
first seem impossible to balance the bridge. The 


LR, bridge circuit in Fig. 7 with a current trans- 
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Fig. 6. — Bridge circuit with 
a: voltage U coupled through the standard capacitor Cy and 
the reactor current through a current transformer 
L,, Ry = Lest object 
B= Bridge 


b: Vector diagram of ‘a’ 
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Fig. 7. — LR, bridge with current transformer 


a: Circuit diagram 
E.R, = Test object 
K—L,l!—k = Current transformer with a transformation 
ratio n 
Rp = Non-inductive resistance (burden) 
Ry, Ri, R = Precision resistances 
C = Precision capacitance 
Cy = Standard capacitor 
G = Null galvanometer 
i = Currents 
U = Voltages 


b: Vector diagram of ‘a’ 


former shows, however, that by means of an artifice 
and a definite RC’ circuit, it is possible to make 
both vectors coincide. 

The primary winding K—L of a precision current 
transformer is in series with the reactor L,R, under 
test. The secondary winding of the current trans- 
former is connected in such a way that the voltage 
appearing on its purely ohmic burden R, is in phase 
opposition to the primary current 7, (see vector 
diagram Fig. 7b, right). The circuit Ro, R, Ry, C in 
the left-hand portion of the bridge results in the 
fact that the voltage U, appearing across the resist- 
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Fig. 8. — Left-hand portion of the bridge in Fig. 7 


Equivalent impedances Z, and Z. Other notation as in Fig. 7. 


ance R, leads the current flowing through the com- 
pressed-gas capacitor. The same effect would be 
obtained if the galvanometer were connected to a 
series-connected inductance-resistance in series with 
Cy. This apparently simple connection, however, is 
unfavourable from the measuring aspect, because 
an inductive element cannot be constructed so purely 
as resistive and capacitive elements and therefore 
its use as a comparison element in precision measure- 
ments is generally avoided. Since the impedance of 
the compressed-gas capacitor, i.e. about 3 « 107 Q 
(Cy = 100 pF, frequency = 50 c/s) is several orders 
of magnitude greater than the impedance of the 
Ry, R, C, Ry circuit (maximum 1000 Q) the capacitor 
current 7%) leads the applied voltage U very accu- 
rately by 90°. The bridge is in balance when, by 
suitably adjusting the R,C values, the voltage U, 
leads the current 7, by an angle 6. It is then possible 
to determine the angle 6 = 90°— q, as well as the 
unknown quantities w, L, and R, from the bridge 
data. These data, together with the reactor current 
7,, found in a separate measurement, preferably with 
the same current transformer, supply the desired 
values of the active and reactive powers as well as 


the exact voltage during the measurement. That is: 


Voltage U1; VR2 +L? ~ i,oL, 


Reactive power ~ 


~ apparent power Q=i2\/R2+ @?L2 ~ i2oL, 


Active power P= Qcos 


Requirements for a Balance 


With the notation in Fig. 7 and Fig. 8 and by 


assuming t% = U-j@Cy, which is justified since 
> Z for Cy < 1000 pF, it follows that 
oC 
, 1p Z : vA 
U,=i,R, = Zz, = Ujw G7 Ra 
R 1 
Zee: joc _ Ri +R+joRRC 
ab Sagi | Fae 1+jo@RC 
R-+- 
joc 
RyzZ 
i 0 1 : 
Ro+2Z, 
Z Ry R(l+joRC) 


Z, Rot Zy- (Ry + Ra R) {oC Rite ee 
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1+jo@RC 
(Ro +R +R) +joCR(R, + R,)! 


The above expression, after a few transformations, 


U, = Ujo OER 


yields: 
—wCR*®+j[(Ro +R, +R) + w?C?R? (Ro + R,)] 
(Ro +R, +R)? + w?C?R? (Ry + Ry)? 


(8) 


When the bridge is balanced we have (see vector 


U, = UwC,R, Ry 


diagram Fig. 7b) 


R 
(Ry + Ry) (1 + w? C? R2) + R (9) 


Since mostly w?R?C? «1 (e.g. w?R?C? < 0-03 for 
50 c/s, R < 500 QO and C < 1 pF), we have in the 


majority of cases the approximate formula 


R 


tan dé ~ w RC —______ 
Ry + Ry -PR 


(9a) 
Since for small angles the approximation tan 6 ~ 
~ sind = cos @ is valid, formula (9a) at the same 
time gives the power factor cos. The relative 
error with this formula remains less than 1°, up to 
about tan 0 ~ cos ym = 0-14. 

With larger values of tan 6, cos y must be calcu- 


lated according to formula (10). 

tan od 
Viptantd 
By considering the phase of Uj, the expression (9) 


cosp = sind = 


(10) 


was obtained for the power factor cos y. Further 
relationships can be derived from the identity of U, 
and U, (when the bridge is balanced). With the 
notation in Fig. 7 we have 


Uz = U, 
U 1 


: 
Se kek AI. a 


- Rp 


and with equation (8) for U,: 


U . Rp _ 

Great 1°) ~, = 
—wCR?+j[(Ro+ Rit R) + @* C2R? (Ry +R 
TP Ferg op eens Se a (Ro + Ri)] 


(Ry + R, +R)? + w C2 R® (Ry + Ry)? 
Equating the imaginary parts of both sides we get: 
@ Y lp. Rp 


Ri+ol nn 
= CR, Ry Ot Rit R + oF CR! (Ry + Bi) 
> O01 (RR, +R)? + o*C? R*(R, + Ry)? 


By assuming R, < @L, which for cos p = 0-1 causes 
an error of less than 1%, and for cos g = 0-01 an 
error of less than 0-01%, and with w2C?R? <1 [ac- 


cording to equation (9)], we have 


Rp 1 
CONG 


RRR 


ol, = Z 


(11) 


The apparent resistance R, can be calculated from 
equations (9a) and (11) 


R, = OL, cos p (12) 


Further quantities in which we are interested can 
be derived from knowledge of the current i,, which 


was obtained from a separate measurement: 


Voltage U= 1, VR2+ @L2 wt,@OL, (13) 


Reactive power Q =1,?-@L, (14) 


Apparent power S =7,? VR2 + w?L,? ~ i,2@L, (15) 


Active power P=S cosy =i,°@L, cos p (16) 


Discussion of the Requirements for Balance 


Considering the requirements for a balance—i.e. 
equations (9a) and (11)—it can be seen that, for 
given values of cos and L,, the bridge can be 
balanced for infinite combinations of the triplet 
Ry, Rk, R. There are however minimum values for 
R, and R,, as will be understood from the following. 
From equation (11) for a definite test object L, and 
for definite current transformer data with the trans- 
formation ratio n, the burden R, and the standard 


capacitor Co, we have 


RoR; be tity Ly eal 
RyRy + Re nemeto Goh Otis 


= K=const. (lla) 
R, 
and further R= Rk, ee 1)—R, (17) 


Since R is a real, ohmic resistance and cannot be 


negative, two requirements follow from equation (17), 


namely 
ae Sie Bey, (ig (18) 
and 
R, el l 
By (qe -1)>% 1.€ ea halo 
K Kee 
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Fig. 9. — Family of curves illustrating the requirements for 
balancing the bridge in accordance with equation (17) for a 
reactor with the following data: 


Reactive power Q = 8000 kVar, rated voltage U = 275/ V 3kv. 

Bridge data with the notation in Fig. 7: Cy = 107-6 pF, n = 10, 

Rp = 0-3 Q. In the hatched portion, balance is not possible. 

The values noted are capacitances in tF as they would appear 
at bridge balance for cos p = 0-006. 


For R, >, Ry tends towards a low limiting value, i.e. 


lim Ry = K (19) 


R,+ 00 
Thus Ry, as well as R, must be greater than K, 
which was defined by equation (11a), otherwise the 
bridge cannot be balanced. Fig. 9 shows a family of 
curves which represent equation (17) for R as a 
function of Ry and R,. These curves were calculated 
for a special case with K = 290 Q. It can be seen 


that the curves, for constant R, are equilateral 


eee 


W777. 
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Fig. 10. — LR, bridge with a current transformer 


a: Left-hand portion with notation as in Fig. 7 


b: Equivalent star connection of ‘a’ 


hyperbolas and are displaced in the directions of 
abscissa and ordinate by K. Also plotted in the 
same graph are the relevant values for C’ as they 
would appear at bridge balance for cos p = 6 x 10-3. 
A customary capacitance decade with its condition 
0-1 <C < 1-0 uF, considerably reduces the range 
of selection of Ry and R,. Also, for practical reasons, 
R, as well as R, should be as low as possible, since 
only then is the influence of the parasitic capacitances 


negligibly small. 


» Equivalent Bridge Circuit 


The left-hand side of the bridge circuit in Fig. 7a 
represents in reality a delta connection of Ko, Aj, 
R, C. Let us now consider this delta connection trans- 
formed into an equivalent star connection (Fig. 10). 

The general formulae for the delta/star transfor- 


mation are (notation from Fig. 10): 


A Zi2Z13 * yeh = Zo 212 5 
; Zi2 + LZo3 + Zis : : Zy2 + Ze3 + Lis ; 
DR Zo3 Zy3 


Lye + Zag + Zis 


In the present case the impedances Zj, Zy3 and Zy3 


may be expressed as follows: 


R 


eth Zi2=R 
iG Gees a a 


Z12 = R ; Z23 = 


The insertion of these values in the general formulae, 


after a long calculation, finally gives: 


Sruhe 

Ree hie 

CR? R, Ry 

(R-+ Ryo +R,)? 
R,R 

Say eae 

| 1 

=p : ‘ 

ae, (Ro + Ri +R)? joc 

J@ OtCR(Ro + Ri) RoR 


R,R 

— R+R+R, 

1 

= R'" 

TT RtR +R! ci 
IM @tCR(R, +R) RR 


= Rb foi (20) 


+ jo 


Z; So 


(22) 


joc” 


It can be seen that Z, represents the series connec- 
tion of an ohmic resistance with an inductance, 
whilst Z, and Z, constitute the series connection of 
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an ohmic resistance with a capacitance. Further, the 
current transformer, which is on the right-hand side 
of the bridge in Fig. 7a, is connected in such a way 
that across the burden R, a voltage drop occurs 
which is in phase opposition to its primary current. 
The current transformer with its burden R, can be 


treated mathematically as a negative resistance 
: R; 
amounting to — —. 
n 
When the delta/star transformation is considered 
and the current transformer with its burden R, is 


4 ; R 
replaced by the negative resistance — —? 


ae the bridge 
circuit in Fig. 7a is transformed into the equivalent 
bridge circuit in Fig. 11. Further neglecting R’, 
1/jj@C” and 1/jmC’” which are several orders of 
magnitude smaller than the impedances connected 
in series with them, we obtain the simplified circuit 
diagram in Fig. 12. It can now be seen that the 
delta connection of the resistive and capacitive 
elements Ry, R,, R, C exercises the same function as 
the series connection L’, R’ in the equivalent circuit. 
The advantages of resistances and capacitances as 
measurement elements in this way are so significant 
compared with inductances, that it would not be 
worth while to use an LR circuit in reality. The 
series resistance R’’’ reduces the sensitivity of the 
bridge galvanometer and therefore should be kept 


as small as possible. Besides, considering that 


Veedte 4 
— R+R+R 


aig K = constant (lla) 


the condition R’”” = minimum becomes synonymous 


aur 


with 


= minimum. But R’”’/R’ is given by 


f 


iRve 1a R 


a ee ee: 
a eRe Rid R si 


RR Ry 


(23) 


At a definite value of R, the value of Ry should be 
large, that is it should lie in the right-hand portion 


of the curves in Fig. 9. 


Measuring Errors and Correction Formulae 


Measuring errors with earthed bridge screen 


In order to eliminate the influence of the earth 
capacitances, the lead between the standard capac- 
itor and the bridge is screened and the screen brought 
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Fig. 11. — Equivalent circuit of the LR, bridge with a current 
transformer 
The primed quantities are equivalent impedances resulting from 
the delta/star transformation of the left-hand portion of the 
bridge according to Fig. 8; Rp/n is the transformed resistance 
of the current transformer. 
L,, R, = Test object 
Cy = Standard capacitor 
G = Null galvanometer 


to the potential of the bridge corner. This is attained, 
as usual with other bridges, either by means of a 
voltage regulator or with an auxiliary bridge com- 
posed of R,L,C elements. Under certain circum- 
stances, however, it is permissible to earth the bridge 
screen. This has the advantage of producing a bal- 


ance much more quickly, since the process of alter- 
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Fig. 12. — Simplified equivalent circuit of the bridge in Fig. 11 


Notation as in Fig. 11. 
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nately balancing the bridge—screen—bridge—screen 
and so on, is eliminated. The earthed screen is par- 
ticularly favourable with small capacitances between 
high voltage and screen, where this is particularly 
unstable. With an earthed screen the errors are 
consciously accepted. Their magnitude can be cal- 
culated, and with particularly accurate measure- 
ments they can be taken into consideration. 

The error with an earthed shield will now be 
calculated. A method will also be shown for keeping 
this error small. 

The phase relationship between the voltage U; 
and the voltage U is 180°—@ (Fig. 7b); further be- 
low, U, is calculated and the result compared with 
formulae (8) and (9a), respectively. The parasitic 
capacitance of the bridge corner (lead) is denoted 
by: Ge. 


With the notation in Fig. 13 we have 


Zz 
Uj= Uj oC, —— Rhy = 
Se she Mas ee 
ey fe as 
ape 1+joc’R, 
Ba) Cot R, R,+R+joORR,C 
l1+jowC’ R, 1+joCR 


After a few conversions and with A denoting a real 


constant, it follows that 
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Fig. 13. — Left-hand portion of the bridge with different screen- 
ing conditions 


Switch position 1: Screen (.S') earthed 


Position 2: Screen regulated by a voltage regulator (P) 
Position 3: Screen regulated by an auxiliary bridge (H) 


according to Beldi? 


C’ = Capacitance between the lead (bridge corner) and screen 
Cy, C, R, Ro, R, = Bridge elements 


2 See F. BeLpr: Eine Hochspannungsbriicke fiir Verlustmes- 


sungen an Isolierstoffen. Bull. schweiz. elektrotech. Ver. 1930, 
Vol. 21, p. 197. 


U, = 
= Aj[R) +R, +R+o2CR(CRR,+CRR,+C’ RR, +C’R)R) + 
+ jwCR(Ry+R, +R) —jo(CRR,+CRR,+C’ RyR, + C’RR)] 


and for tan dé = cos p 


— Re(U,) s 
Im(() 
me oC R?—wC’ R,(R, + R) 
~ R+(R, + Ry) (1 +o? C? R2) +@?CC’ RR, (Rk, +R) 
(24) 


cosy = 


By assuming w?C?R? <1, w?CC’RR, < 1, expres- 
sion (24) simplifies itself to 


cab ik wC R? OC R(R+R) _ 
Ue Rock Ris Rene 
oC’ Ry (Ryo + R) 
= (COS:0))\ie 25 
Therefore the use of the formula 
; oC R? 
(cos gy)’ = Fy Racy (9a) 


gives too large a value, so that the second term of 
(25) has to be subtracted in order to arrive at the 
correct value of cos ¢. 

The relative error of the measurement with an 


earthed screen is accordingly 


/ 


Sie: (cos p) 


(cos @)’ 
_ ow CG" Ry (Ro + R) : Ro +k, +R 
R+R +R oC R? 
With @CR* = (R,+R,+R) (cos p)’ from equation 
(9a), and the notation K = eae used ear- 
lier, we finally arrive at 
Nea w CO" (Ro Rit RoR) _ 
(Ro + R, + R) (cos@)’ 
in w C’ pag he (1+3)= 
(cosy)’ (Ro + Ri + R) R, 
w C’ R 
=~ Tear Sta) 29) 


The formula (26) is very important. With its help 
it is possible to determine whether to measure with 


the screen earthed or to regulate its potential. 


| 
: 


- 


\ 
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Example of the application of formula (26) 


The bridge data are K = 300 Q, R = 300 Q, 
R, = 600 Q; the expected power factor cos p = 
5 x 10°, and the capacitance lead-to-screen C’ = 
4500 pF, which corresponds to a normal cable be- 
tween the standard capacitor and the bridge. 


The relative error to be expected with these data is 


OG R 
= : ak ee 
(cos p)’ KI 53 z) 
314.4.5.10-9 300 
= a 30 (1 + ag) = 


= 0-125 or 125% 


Thus in this case, either the corrected formula (25) 
for the calculation of cosq must be used or the 
potential of the screen must be regulated. 

On order that the screen may be solidly earthed, 
and to attain the advantages resulting from it in 
the majority of cases, a special low-capacitance lead 
was made from polyethylene insulated high-frequency 
cable and used during the measurement. The screen 
capacitance for a length of 6 metres amounts to 
only 600 pF. 


Exact formula for cos p with a large capacitance Cy of the 
standard capacitor 


A compressed-gas capacitor of 100 pF is mostly 
used as C, (Fig. 7a). Its impedance of 3 x 107 © at 
50 c/s is several orders of magnitude higher than 
the resistance of a few hundred ohms connected in 
series with it, so that the current flowing through 
this series connection leads the main voltage U by 
exactly 90°. The formula (9) for the measured 
power factor cos y was derived from this supposition. 
If, however, Cy is much larger (e.g. when using a 
standard capacitor of 10 000 pF), errors arise from 
the formulae (9) and (9a), respectively. This error 
is now calculated. 

With the notation in Fig. 7a we obtain the vector 
diagram in Fig. 14, where the phase angle of the 
current through C, has been taken into considera- 
tion. The formula (9a) 


R 


SET AWG thd (ye ar 
; Pee Re R 


gives us the angle 0’ between i, and U,; # denotes 
the deviation of the angle of the current i) from a 


ty 


U, 


| 
SI 
| 
\[8 
78 


en 
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Fig. 14. — Vector diagram taking into consideration the phase 
angle of 1g 
0’ = Measured angle 
6 = Desired angle 
) = Error angle 


Other notation as in Fig. 7. 


current which leads the voltage U by 90°. The phase 
angle wanted is 6, or 90 —6 = (see also vector 
diagram in Fig. 6b right). From Fig. 14 we find 
6 = 0’ —# and for small angles of 6, 6’, with suf- 


ficient accuracy 


cos p = tan do = tan 6’ —tand (27) 
Considering the formulae (9a) and 
Ry (Ri + R) 
tan? = w C, —-“— ; 
an oC, he ey (28) 
we obtain 
R Ry (Ri + R) 
=oCR— a OC, = 
ied Al OSe gp aee Geo can A a ae 
ete CO Rave eee Gi fie 2) (29) 
R+R, +R CR } 


The relative error, consequent upon assuming that 

the current i) leads the voltage U by exactly 90°, 

i.e. when the formula (9a) is used, is accordingly 
GR (R+R) _ O 


gaye ee (30) 


3 Cults C 


since Ry, R,, R are of the same order of magnitude. 
In order to minimize the effect of the stray capaci- 


tances, C is made more than 0-1 yF. Then 


Aiea 10? = C,* 10° (30a) 
Therefore with 
C= 100pF A< 01% 
Cee OOO DE A=) 1 757, 
C= 10000 pF A<10 % 


Conclusion: If the capacitance of the standard capac- 
itor Cy > 1000 pF, the formula (29) must be used 


instead of formula (9a). 
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Measured Results 


The active losses of different objects were measured 
by means of the new bridge circuit. The current 
transformer used for these measurements was a port- 
able precision transformer type 4731 from the firm 
Tettex, Zurich, with an angular error of less than 1’, 
while the purely ohmic burden R, was a precision 
resistance of 0-3 Q. A vibration galvanometer served 
as the detector. 

The measured results for a 275-kV shunt reactor 
with a reactive power rating of 8000 kVar is given 
here as an example. At the highest measuring voltage 
of 157-4 kV, the current was 51-6 A; from this we 
obtain a reactive power of 8120 kVar. The bridge 
data at-balance ‘were R, = 800 Q, R = 2830), 
R, = 620 Q, and C = 0:37 yF. From these data 
the power factor cos is calculated according to 


formula (9a) as follows: 


R 
— » R x a  - 
cos~ = w Ree EP 
283 
= 314. 0-37.410-* =—— = 0-005 
314..283:.0-37-10 1703 0-00545 


The use of the formula (9a) instead of the complicated 


formula (9) is permissible, since 
Or BCA (514)? X (0-37 x LO-*)2(283)2 10 net 


The error caused by the earthed screen of the bridge 
is calculated according to formula (26): 
aw C" F R 
Arey * (IF a) 
314.0-6.107-9 
5-45. 10-3 
=.1-4. 10-*, that is 1-497 


Included in the above calculation is the screen 
capacity C’ of 600 pF and the factor K where 


R, R; 800 . 620 


Raee abi ee ee : ee 
R, +R, +R 800+ 620 + 283 


290 


The corrected value for cos is thus 
cos p = 0-00545(1—A) = 0-00538 
The active losses are consequently 
P = 8S .cos @ =.8120.. 0-00538 = 43:7 KW 


The impedance of the reactor, according to formula 
(11) (with n = 10 and C, = 107-6 pF) is: 


Re l Roa Ry aR 
A Lys - —— 
i oo Gs Erie 
He l 


03 


pe I eae 
10314. 107-6290 


The influence of the earthed screen on the results 
was examined experimentally by means of previous 
measurements at reduced voltage. In the process, 
the screen capacitance was artificially altered by 
means of capacitors connected in parallel. The re- 
sults corresponded exactly to the theoretically de- 
rived formula (26). The time necessary to balance 
the bridge with earthed screen amounted to only 


50 seconds. 


Conclusion 


The new process described here allows the active 
power to be precisely measured in cases where the 
usual wattmeter method fails. This method can be 
used with available elements up to highest known 
service voltages and the heaviest currents (e.g. 
500 kV and 150 A or more). The L, R, bridge 
with a current transformer was developed expressly 
for the measurement of the active losses of reactors. 
But it can also be used advantageously for the 
measurement of impedance, phase displacement 
and active power at very small inductive power 
factors (0-001 < cos my < 0-1). 


(CR) F. DeutscH 


220-kV airblast breakers in the switchyard at Riddes of the 


Mauvoisin Power Co., Sion (Switzerland) 


AIRBLAST CIRCUIT-BREAKERS 


in conjunction with our dependable quick-acting relays protect 
power systems against breakdowns and atmospheric disturbances. 
They are noteworthy for their freedom from restriking when 


interrupting lines at no-load and capacitive currents. 


4 : ws P — Jue > ot r by 
Published by Brown, Boveri & Company, Limited, Baden, Switzerland. Printed by 
4 ah ., * 
Obtainable pereeet —- the publishage: 


« . ’ 
a * re 7s = 
: , pa 


wea 


